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ABSTRACT

Methods for obtaining ionization rate contours, fractionation
numbers, stom-concentration intensity ratios, and particle size distribution
from the Miller fallout model are given. Included are complete computer
programs for estimating sublimation pressures, ionization rate contours,
and particle size parameters.

Graphical integration of activity from fallout over the watersheds
gerving Houston, Texas and New York City is described. Maximum levels of
selected contaminents at the water intake for these cities under most adverse

wind conditions were calculated and reported in uc/ml as follows: New York

City; Sr-89, 6.8 x 1073; §r-90, 5.9 x 1072; Ru-106, 7.1 x 10™%; 1-131,

2 2

s Ce-137, b4 x 10'5; Ba-140, 5.8 x 1072, Houston; Sr-89, 1.9 x 10™7;

b Ru-106, 2.5 x 10°3; 1-131, 2.5 x 10°%; Cs-137, 1.0 x 107

Ba-140, 1.9 x 10'1.

7.6 x 10~

Sr-90, 1.9 x 10~

It is concluded that the contribution of induced radioactivity

- to the contaminaticn of water supplies would not be significant.
; Many commercially &vailable instruments of the survey type can
be used to detect adequately the presence of substantial concentrations
of radioisotopes in water under emergency conditions. For more accurate
measurement of such concentrations down to safe levels more sensitive
equipment or methods of preconcentration of the samples are needed. Such
methods or instruments should extend the range of sensitivity oy a factor
)'mf of the order of 100 and should be readily adaptable for field use. Outlines
of procedures for the analysis of radicactivity in water are given. Efficiency
of water decontamination by vayious methods 1s discussed.
Body burdens of individusl radioisctopes may be determined from

a consideration of the rate of ingestion, the efizetive decay rate, and the
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affinity for the isoctope of the critical oxgan. It is helieved that
uptake of radiosctive isotopes may be reduced or prevented by selective

tlocking of critical organs with sitable isotopes.
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I. INTRODUCTION

The purpose of this study was to evsluate apd summarivze availaltle
information on the problem of water contamination by radlioactive fallout
in the event of nuclear war., Consideration has been given to the currert

theories of the formation and distribution of fallout ard the level of

fallout that might result from s possible nuclear attack.

1,25
Of the various attack models that have teen recently ﬁescriced‘l’ /

A
the one prepared by Technical Operations, Inc.(3’ has been sslected as

most appropriate for the present study. This model appexrs to have teen
well thought out and carefully developed, giving due considerstion to the
relative importance of various militery, industriel, govermmental, wud
é? power resource targets. This model assumes all detonations to be sarface
bursts, although perhaps a more real stic situation would include many
air bursts, which would be more effective against an unhardened military
or industrial terget. As the type of burst has a comsiderable influence
on the fallout produced, it must be careru’ly evaluated in a study of
g water contamination.
? A thorough analysis of the fallout model of Miller(u) Las been
made. Several important functions derived from this model have been
utilized in this study snd are discussed in detail in Section II, " Summary
of Analysis of the Fallout Model".

Information from the Miller model has also been used in the
study of possible levels of contamination by selected isotopes in the water
supply systems of Houston, Texas and New York Cifty. With appropriate cobn-
sideration to the assumptions made, these results may be applied to the

watersheds of municipalities other than those shown heve.
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“his st W8y ip concerred with the erfect of individuasl nuaclear
vizs' s, and does not consider the effects of overlappicz fzilout patterrs.
The compiex probtlem of overiap has teen treated by Techoical lperations,
Inc.:f} sud 2tng e, Tt edditional stadic: on this sublect cppear desirable.
ranzpore. of fslleut oy suriace water has been ztudied. Evalus-
roon of the eftect: of water:-hed characteristic: or the coancentration of

redicsenivit, In sari=ue water wolid be alusble.

lecortamioaticn procedures, both standari and emergency, have

N\

~een described pT?ViO4Ely.i }{See Appendix A} These procedures are evalusted
weel ing o their sificacies Ior the removal of variouas radioisotopes and
4L:0 ateoriiag to the feasgibility of their use wfter a nuclear abtack.
Gt purpcsss of this etudy, it hars teen gsgumed that watexworks racilities
heve e ffersd oriy minimail damsge, wnd that personnel will be aveilsble
for operatior.

£ =i/ of putiished methods of radiochemical analysis and
exizrving instr.mentstion hes teen made. Due to the gquestion of availability
o' personnel and facilities it eppeare that this irformetion will be of more
valuie in recognizing long-term hazards than in determining potability in
‘he immediate post-attack period.

The tislegical uptake and resultent vody burdens in man have teen
zvul,ared irn relation to the levels of water contemination considered likely.

Eeietirg dovs has been put irnts & workablie form so that the body burden

m

o oany of tne re.ected vicliogically important rsdioisotopes may be determined
a* 27 specitic *ime =iter the imitrstior of intake.
“The interzal radistion hazard resulting from nuclear attack is

of importanze ohiy to tho:zs perszons who survive the catactrophe for &

pr2iol ¢f severar yesrs. As a primary acnihilator, it is of no ccnsequence,
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as the external dose concomitant with a lethal internal dose is more deadly

sx Skt

by eeveral orders of magnitude. In general, radiation from sub-lethal

g

concentrations of internally deposited radionuclides aects slnwly, and

oL i
Sl

its results 4o not become apparent for years. Therefore, the internal
radiation hazard is mot among the forces debilitating the population and
reducing its immediaste ability to cope with & radically altered eanviron-
ment. Rather it has long-term effects which culminate in producing diseases

such as cancer, shortening of the life span, and possibly affecting the

germ plasa of mankind to a small degrEe."(6>




II. SUMMARY CF ANALYSIS JOF THE 0.C.D., FALLOUT MODEL

A. Basic Assumptions of the 0.C.D. Model

During the initial phase of this project, the Postattack Resecrch
Division, Office of Civil Defense, reguested that all studies be-based on the
fallout model as developed in "Fallout and Radiological Countermeasures"(h).
A thorough and guantitative study of the model was conducted because the
evalugtions of wuter contaminetion depend directly on previously estsblished
information concerning the distribution and properties of local fallout. The
results of the detalled study are now presented in summary form.

The model was based on both established physico-chemicel theories
und actual test data, broughi together by the scaling method. The rationality
and simplicity of the basic assumptiong provide this model with many advan-
tages. The basic assumptions include:

(1) The model applies gererally to a "ground surface’ burst, but
it can be extended to other types of detonations by suitable transformetions.

(2) The required input data consist of the weapon yield and the
winl velocity.

(3) The radioactive decay schemes, chemical properties and rela-
tive abundances of the fission products are based on the dgta developed by
Bolles & Ballou<7), Katcoff(a), and Milier and Loeb(g).

(4) The increase of the fireball volume with time 1s based on
the adiabatic expansion of an ideal gas with the thermodynamic equations
modified to include a term for the change in free eneigy with altitude and

¥*
with the externsl pressure proportional to exp (~mgZ/kt) .

E'S

for explanation of symbols, see Glossary.
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(5) The radiosctive cloud is assumed to have the shape of an
oblate spheroid; hence the jonization rate contours or fallout patterns
under & constant wind velocity are generally cigar-sghapad.

(6) All values for the dimensions and properties of the fireball
and fallout pattexrns are scaled from test data by the scaling method te be
& function of weapon yield and wind velocity.

('7) The cendensation process of fallout is divided into two
time periods: (a) the first period is characterized by the presence of
gas and liquid pheses and ends when the bulk carrier or substrate material
of the particles svlidifies, and (b) the second period is characterized
by the existence of gas and solid phases. The temperature of 1673°K is
used to divide these two periods of condensation. The radioactive material
which condenses iz the first period will be fused inside the fallout parti~
cles and generslly becomes insoluble in water. The maherial which condenses
during the second period will be adscrbed on the outside of tre fallout
particle and becomes readily soluble in water. With these basic assump-
tions, the model will yield the intensity, the activity an. atom-concentra-
tion for a specific downwind area and ovher, related information.

B. Formation and Geometry of Stem aud Cloud

Afier a surface burst, the fireball forms the shape of a sphere,
and its radii, both horizontal and verticel, expand exponentially with
altitude as it rises. Since the expansion coefficients are different for
the two radii, the fireball grows to the form of an oblate spheroid, with
8 circular top-view and an elliptical side-view., When the fireball reaches
its final stabilized heigﬁt, it is commonly known &s the "cloud". A stem
is shaped by the trajectory of a continaously expanding firehall and

assumes thc form of an inverted exponential horm.
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The initiel spherical radius of the fireball, Rs’ the final
norizontal semi-sxis, e, the final vertical send-axis, b, and the final
height of the center, h, of the cloud are related to the weapon yield,

W, tarough empirical data as shown in the following scaling functions:

R, =2.09 102 w9333 g4, W =1 to 10° KT (1)
a =2.45 x 103 wOH3L g, W= 1to 10° KT (2)
b = 1.h0 x 103 w03 g4, W = 1 to 10° KD (3)
n o= 0.66 x 10° WO gy, W=1to28 kT (%)
n = 1.68 x 0" WO iE* £p. W =28 to 10° KT (be)

At a given altitude, Z, the horizontal and vertical semi-axis

of the fireball can be obtained by

a, = ae> (5)

b, = b e (6)

where ao, bo’ ka’ kb cen be solved from the known information of Rs’ e, b, h.
The geumetry of both stem end cloud is shown in Figure 1.

c. nggicle Sizez Parameter and Tonization Rate Contours

As mentioned previously under the basic assumptions, the fission
products are either fused inside or adsorbed on the outside of the dust
particles and are inhaled into the firehall. The ultimate ionizetion rate
contours, or fallout patterrs, on the ground are related to the size of the
falling particles. The particle size parameter, &, is defined as the ralio
of wind velocity, Vw’ 10 the average falling velocity of the particle, Vf,
sinece it is more concerned with the faliing rate than the sctual physical

size of a particle.
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NOTE: The particles with maximum a values ond
particles with stinimum a volues which
fall on point X downwind from the cloud
fall along paths described by max 9nd

Tmin tespectively,

z L X

Ixe, yer 2¢)

-

Nh o
(xa, Yar 2o

-
e

-~ d

-
Rs
P\ .
GROUND ZERO a, GROUND ZERDO X —-—{
(COORDINATE ORIGIN AT GROUND ZERO) (COORDINATE ORIGIN AT CLOUD CENTER)

Figure 1. Geometry of Stem and Cloud



For the stem, it is assumed that the particles at a given altitude in
the rising fireball are concentrated on & horizontal plane tlLrough the center
of the fireball. Therefore, all particles which have equal values of & fall
out of the stem starting at the same altitude. Any particle starts to fall
when its instantesneous falling rate, VZ’ equals the rate of rise of the sur-
rounding air mass, %%. There is en empirical relation between VZ, Vf, and

the fireball altltude 2:

Vp/Ve = p+ 2 (7)

where p = 0.95, q 1.02 x 10-5, where Z = 5,000 to 50,000 £t
with particle diameter & = 200 to 1,200 microns

p=0.58, q=1.7%x1077, when 2 = 50,000 to 110,000 ft

i

with particle diameter d = 300 to 1,000 microns

There is also ~n ~upirical approximation for Z:

-kt
%= 2 (1L -e Z ), for t = 20 to 480 seconds (8)

*
where Z0 is a yield dependent multiplier

kZ is 0.011 sec-l.

Thus,

vz=§%=kz(zo-z) (9)

For values of Zo’ see Figure 5.
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Therefore, the particle slze parameter, &, for the particle group

falling from the altitude Z 1is

Vv V. + gZ
o = g = k"(i -qz) (10)
bl AN
Moreover, it can be determined from geometry of the stem that
@ = X+a, ( + for o .5 = for amax) (11)

. f .
Therefore, aﬁax and thn ney be obtained for the particles falling

at a distance X from ground zero. In addition, the rising and falling time

for particles of a given value of & can be determined from combining Equa-

tions (B8) and (10), as shown below

ok,Z_ + V gz

1 o ¥
t (see) = == 1n [ ] (12)
r kz pr + VWqZO
a(Qk,2 -V
tf (sec) = ff%{o . VwP)y (13)
W 2 w?
The outer dimensions of the cloud are defined by
2 . 2 2
b S S (14)
a.2 b2

Consequently, amax and amin for the downwind distance X can be

derived, as shown by the sguetion

el ~ )
. . BX % L2 (- 2) o (- Py 0 - R - T )] (15)

I 2
B2 - b2(1 - Y /e%)

*
This calculation usually includes the 180 sec. average delay time due

to fireball toroidal c¢irculation, which should be subtracted in order
to obtain the actual rising time.
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(where the sign is + for &, and - for O
188X min

Since the cloud is assumed to be stabilized, all particles with

the same values of o fall along the seme slope. Hence, the times of arrival

and cessation for particles of a given O can be determined from the geometry

of the cloud

a (n + za) /vw (16)

ct
1

ah+z)/V n

c c w

c-'.
it

where zZ. and z are the smallest and largest intercepts of the glope to

the outer dimension of the cloud, respectively.

C o{X - ah) ¥+ aby (25 x dvD) (1 - yo/v0) - (X - an)
a +




{where the sign is + for z,, snd - for Za)~

Assuming that the lonization rate, or faliout intensity, IX,
varies exponentially with downwind distance, and its distribution is closely
related to @ and W, also confirmed by empirical test data, a complete set
of scaling functions which defines the variation of intensity versus down-
wind distance and the bi-elliptical outline of the ionization rate contours
is tabulated in Chapter 3 of "Fallout and Radiological Countermeasures"(u).
Those scaling functions are not repeated in this report, but a corresponding
computer program was established, as presented in Pigure 5. A typical
ionizetion rate contour for a 10 MT weapon yield and a 15 mph wind velocity
is cshown in Figure 6. Since the only inputs are weapon yieid and wind
veloclty, this computer progrem ies relatively simple to understand and
to use by others to obtain the informaticn on ionization rate contours.

It should be pointed out that these contours have been corrected

to 2 standard reference time, H + 1 hour, by a decay correction factor

Ix(t: actual time)

= 1
a(t, 1) Ix(l: 4 + 1 hour) (19)
This decay correction factor can be obtained directly from a
typical close-in fallout decay curve as chown in Figure 2 .
Knowing the ionization rate, the exposure doce, DX’ in the cloud
fallout area, which is of greater interest than the stem fallout area, can
be estimated by
t
e
Dy =ft L (t) at (20,
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D. Condensation of Fallout and Practionation Numbers

During a nuclear detonation, a tremendous amount of heat is created
by nuclear fission and fusion. This heat melts and also vaporizes every-
thing inhaled into the air mass from the ground and forms the familiar
fireball. When the fireball rises, its volume begins to expand, and its
temperature is assumed to drop asccording to the ideal gas law. The material
swept in$ide the fireball starts to ligquidify and finally solidify to
particles, in or on which the fission products begin to condense. The
condensation process is generally divided into two time periods as mentioned
in the basic assumptions. The dividing tempersture depends largely on the
composition of the fireball. For a model surface burst on a soil consisting
of silicate minerals this temperature is assumed to be 16730K, as most ele-
ments will have started to solidify at this temperature. Sinece the two
periods are characterized by the coexistence of either gas and liquid, or
gas and solid, the vaporizestion or sublimation pressure plays an lmportant
role in the condensation process. The following formula for the evalus-

tion of the pressure is presented in "Fallout and Radiologicsl Counter-

measures"(u):
log p, = & 4+ B+ ¢ (21)
J T
where Pj is the vaporization or sublimation pressure for element j,
gm/sq. cm. ,
T is temperature of the fireball, OK,

A, B, C are the empirical constants for varorization or sublimation
reactions of elements centained in the fireball which were
L
tabulated in Miller's manuSCript( ).

The established computer program for estimating p‘j is shown in

Figure 3.

-:u o
T
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Figure 3. Computer Program for Estimating Sublimation Pressure

02no BACe27n STANUARD VERSION 271762

0200 COMMENT  SURLIMATION PRESSURL. .#¢ P1J  BY 3, E. JAMFS, 5

0200 INTEGER J»1,ABC,DEFsdK-es $ ARRAY  QU7C) , TL70) s

0200 . READ(EIEAR) s

02n4 WRITE(SSEASLEAC) s

pase2 START.. READ(SIDATA) s

0216 [F MOD(ABC,27) EQL O s
02%6.. . . WRITECSSEARLEACY . ) ) B T
0230 FOR I = (1,1.0€F) 1

241 QC1) 8 EXP(C(2,302585)(A/T(]) + R & C)) R
o2ss WRITECRSEAD, EAE) ~

ALY S GO STARY $ CRAFT
0263 _ INPUT DATACASE , A , B , C , JKa,tKA,Ikp,d<n $
0291 __ INPUT  EANCDEFLFOR 1w (1,1,0EF) § TeI) ) y s

8315 QUTPUT EABCFOR [ .= (1p1,0EF) § TCIY ) H
03%6  OUTPUT EAD(JINASJIKB,JKC, KD A»B.C0011) ) $
0344 FORMAY EAC(BY,®[PENTIFICATION®,B11,0A%,810,eR%,B811,0Ce,89, _

n3s4 ... % PJFOR 1673 DEG.*,170,M3) , s

0383 FORMAT FAECAA5,X12,0,X10,3,X13.6,F20.6,wW4) s

0391 FINISH e . . . __% CAAFT

COMPILED PROGRAM ENNS AT 0392
PRAGRAM VARIABLES REGIN AT 4230
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Figure 3 (Continued). Computer Program for Estimating Sublimation Pressure

IDENTIFICATION A 8 ¢ PJ FOR 1673 DEG,
»5 NA 700 ® 119D «16200, 8,242 (174740 541422,201
S NA 1197 e 2000 ~14710, 6,977 (174740 . 4228639201 . .
5 X 700 ¢ 1080 «13850, 84193 (174740 122800, 04 ___
o5 K 1080 e 1800 -12580, 7.935 (174740 389326, 01
5 RB 750 # 974 -12090, 7.136 (174740 4121395, 04
.5 RB 974 ¢ 1500 “11670, 6,604 (174740 L .121128, 04
’ .5 CS 763 » 958 ~11540, 7.470 (174740, . _.%SB&07. 01
¥ .5 CS 9858 » 1500 11120, 7.049 (174740 . 377570, 04
3 MG 023 & 1393 -38780, 11,108 L, 34948%  ,189482,-1% __
1£' MG 1393 ® 2000 ~38470, 10,891 ,34948% _ ,17631e¥,e1%
E{ MG 3075 ® 3400 28530, 70977 .349a88 . o187624,.08_ _
,5 CA 1123 @ 1760 «41263, 10,162 «34948% e l67479,14
' ﬁi CA 1760 ® 2000 41080,  10.103 ___ ,349485 +790303,-14
é ca 2R60 & X8np -37120, 9.768 349485 2835074%,.42
= SR 1043 & 1640 -38260, 9.563  .34948%  ,110506,-12
f ' SH 1640 ® 200N «37910. . 9,298 _ 349488 1971837,=43
3 SR 1640 & 2000 -32920. 7,238 2000000 .363720.12_ _
g? SR 273p e X500 =31%560, 8,552  .34948% .10893%,-09
] RA 1000 ® 2196 36700, = 8,931 «34348% 1231124,~-12
3 AA 1000 o ?196 20830, 6.761 . ,000000 _ __ _ ,20432%.-0%___
3 A 2196 ® Xonn 375000 9.1A3 349488 . 131118,%12
; BA 2196 & 3000 -20980, 5,993 ,000000 1283566,-08
K IN 298 e 2000 «24070, 10.347  .349438 . 203777,.-03_ _
i IN 1000 » 2000 «24080, 8,173 ,000000  _ ,602137,-06
€D 1038 ® 2000  <18770, 10,390 _ .34948% _ ,331221, 00

10%56FE 1000 & 1650 «355%0, 10.642 + JAO08A . +B77R36,-10
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Figure 3 (Continued). Computer Frogram for Estimsting Sublimation Pressure

IDEMTIFICATION A 3 c Ry FNR 1473 DEG,
10%6FE 1650 & 2pfn «332440. 9.204 C3FINSA 527824,-410
17% Fe 1000 & tRYn «39870, 12.19¢0 «4R5980 067637,-114
1/% FE  1A70 & 2non «37640, 10,982 < 465980 +890175%,-11
142 ¥ 1000 & 2490 «44880, 11,893 «17474n ,175259, -1 4
172 LA 1000 » 2599 «4)874, 10,864 174740 LINB7TN,. -1
1/2 PR 1000 ® 24nn 35060, 9.79 174741 «16681%,-12
142 ND 10080 ¢ 22359 34810, 10,647 «174740 +103467%,-09
172 P4 1000 ® 2307 ~31270, 9.913 174740 «24932%, 298
172 84 1000 & 2300 ~27830, 9.B18 «17474n «228009,0h
AL 1000 e 279n «47335 11507 »174740 . 33094%,-14
AL 1600 e 2280 74020, 19,038 .698a7n 176527, -26
: 1/2 AL 1000 ® 2290 %9730, 14,343 524220 +146180,=20
AL 1500 & 229n k4950, 14,708 e 349485  »170613,-23
17?2 AL 27290 @ 3.0 «ds 740, 11,845 «17474n 282454 ,-16
e AL 2290 s xann «79690, 19.766 698070 16T7916R, =27
' 3 : 1/2 AL 2790 & 3R0q 60560, 14,708 .524720n \108N87,-20
i 172 GA 1000 ® 1998 =41R60, 11,923 +17474n +119349,-12
g 6A 1000 ® 1998 -42150, 14.6%9 524220 974859, 410
1 172 IN 1000 ® ?n0n -43390. 11,405 174740 440855, 14
} 142 In 1000 ® 2ana «36370, 13,940 .52422n +530677,-07
] AS 730 @ 1nnn .3675, 5.025 .0ny000 673514, 03
] { 142 AS 1000 ® 2n0n «15670, 7.948  e17674n ) +14408n,-01
i 2 Sg 928 e 2nmn «3804, 2,293 .ongngn .923514, 00
1/7 S4 1000 & 2000 25120, A.716 .17474n ] 328973, .06
ZR 1700 & 220n k1900, 13,468  ,349485 _ L +280%0%,-27
IR 1200 e 220D -40150, 8.6%8 .0npoon «4%4147,-15%

CE 1%00 ® 2R7n «d45610, 14,301 . 349488 JARBTB0,-1)
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Figure 3 (Continued). Computer Program for Estimating Sublimation Pressure

IDENTIFYICATION A 8 o °y FOR 1673 DEG,

CE  1%00 # SR70 -22990, 9,384 .a0gngn (41B752,.04
. u 1500 ¢ 2680 535670, 12,048 . 349485 (207678,419
f u 1500 & P&AN -32010, 9.594 .ongagn L28BR7%, =09
g U 1m0 e DeAn -112%0., 4,008 349485 L 429574,-02
é St 1000 e 1650 ~40130, 12,990 .3439485 .225735,-10
g 81 1000 ® 195 -743980, 8.908 .gnpngn JIRZHTT, 0N
§ .81 195 e 2snp -33760., 12.248 » 343485 «2R153N,-10
s1 1950 @ 25010 «~27810, 8.2R9 .angnon 463625 ,-08
GE ROOD & 1390 «22250, 12,620 . 340435 487759, 00
: GE 1390 ® 2n0p -21920, 12,382 .349485 425867, 00
f SN 130p & 1898 -28430, 12.729 .349485 \1216385,-03
; SN 1A98 ® 28np «?5940, 11,400 , 349485 175559 ,-03

: RU 1000 ® 2%n0 -23910, 13,997 .349485 .113447, 0t
{ RU 1000 » ?e00 -43300, 16,508 349488 945881, =10
: 1/7 RM 1000 & 2nfn «15900, 5,010 -.17474n .336381,-02
§ : 1/2 RH 1000 ® 1500 -12060, 1,890 «.524227 .14360%,-95
; SE 00 ® 100N «4539, 7.644 0nQnon 852924, 0%
SE s0p ® 1nnn .13715, 13,704 . 3a948% L71719%, 04
SE 1000 e 2000 -16330, 12,227 349488 .653998, A%
TE 723 ® 1006 -25570, 12,889 ,349a8% J900A6k, -0
TE 1500 ® 2nann -11U150, 6.5%6 .0ngnon 425651, nt
2 TE 106R & °nnn -33690, 18.278 1.30784n .345432, 00
TE 1006 & PSnN 22130, 9.860 . 349488 .958851,-n3%
1/? NB 1000 ®» 1785 «-49810, 16,202 .374220 LBOBIERA, -1
142 NB 1000 * 17R5 -31470, 11.709 L17474n LARB7%9, -0
1 1/2 N8B 1785 ® 2snn -a6130, 14,275 .574220 .113881,-17

1/? NB 178% ®» 2s5nn «26990, 9.7%2 «174740 504354, =06
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Figure 3 (Continued). Computer Program for Estimating Sublimation Pressure

JOENYIFICATYION [ 8 c pJ FOR 1473 DEG,
3 MO 800 & 1068 -17590, 14,327 LTI 680060, D4
4 Mo 800 ® 10AA «20450, 17,045 .0n0n00 (662902, 05
5 WD ROD & 1068 «23077, 18,647 .Gno000 713208, 0%
MO 1068 & 2000 ~51390, 13,8R8 . 698970 562536,-16
MO 1068 & 2000 «34780, 10,1490 3494858 501746,10
MO 1068 ® 2qn0 «17810, 7.5%0 000000 (B4033A,=nY
2 MO 1768 8 7PoNp «11550, 5,948 (000000 . 11107224 00
3 MO 1088 e 2p0N 4765, 3,389 000000 3473948, 01
4 MD 1088 e 2000 «1168, 490 0000 1619231, Q0
5 MO 1068 e 500n 1031, -2.048 Janonen  +37004R,-01
MO 1068 ¢ 2000 -29210, 8,990 .0nQ0Dn «33911%,-00
MO 1068 & 200N .122410, 6.419 -.34948% (5A6652, -1
2 MD 1068 & 2n0n -406, _ 3.647  =.698970 .507052, 03 _
3 MD  1n8B & 210D 11948, «.0AL  «1.04B4%% . .1n7401, Q7.
4 MO  106R e 2000 21110, ~4,108 =1.397R4n .19948%, oA
5 MD 1088 ® 2000 2488¢0, «7.795  «1.747425 C .B24779, 08
TC 1600 ® 2n0n «43980, 12,887 .349485 .847970,-1%
TC 1n00 & 20n0 -23870, 9.604 .0M0000 (327748 ,-04
f TC 39y e BRE L3059, 5.229 »0nONOD . .25150%, Q4.
~€' Cu  AOD ® 13%6 «17419, 6.514 .angngn . .176521,-03
: ;'_ Cu 1354 ® 2nan =16558, %.8R1 .onongn 963404,-04
: § aG ACo e 1534 “14639, 6,344  .0n0000 ,392509,-07
! T AG 1234 & 2n0n »13788, 5,673 .angngo .270095,-02
{“ ;i PD 10600 & 1R23 «70015%, 6.105 NITLIT  .1%8504,-05
k if PD  1m23 m 2500 -19189, 5,649 .0n0noo .1%1072,-0%
. NABR 1125 @ 200N «8916, 5,348 .000NDN .10390R, 01

Natl 932 @ 2nnn =4R8N, 5,640 .angnon 274993, 01
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The elements in the fireball are radiocschive and hence the number
of moles of eech species is constently changing vith time. If yjA(t)
denotes the amount of radionuclides of element J and mess number A present
at time + after fission, then the total amount of element J present at time ¢

is

v [ - (+Y & s (2
fj(t) ZAyJA\t/ atoms or mole (22)
Correspondingly, the total amount for the entire chain 1of
nass number A is
= ro (23)
X, ZjbjA\t) atoms or moles (23)

in which Y, is constant, except for mass chains containing neutron emitters.

A

For the first period of condensation, the materisl balance for

element J between gas and liquid phase is

=z = °(+) ok
v.(t) = Iy,(e) = wm P(s) + nyn(t) (k)

o

where njAo(t) is the nurber of moles of element j with mass number A,
which is mixed with moles from other mass chains to

o}
, and

J

njA(t) ies the number of moles of element J witn m2ss number A

form n moles of vapor, and is abbreviated to n

dissolveda in the n(£) moles of ligquid carrier, which
ic the parcicle in the ligulid phase, prier to solidi-
fication, and is abbreviated to nj.

For a perfect gas, the ratio between the mole fraction of element

in the wvapor phase and that in the liguid phase 1=




!
|

-0l
ﬂz ng/n ng RT/pJV k
N, © n./alZ) = Tu.nd = (25)
where N? is the mole fraction of element j irn the vanor phase
Nj is the mwole fraction of element J in the liguid phase
n is the number of moles of vapor
n() is the total moles of liguid carrier
R is the molar gas constant
i is the absolute temperature
p3 is the total vaporizatlon pressure
\4 is the molar volume, and
kj is the Henry's Law constant
From Equation (25), the following relation between ng and n.j can be
obtained:
o n k. o
nj = -7_37‘]__-[1’12 V] BT = njkj (26)
where kg - kj/[n(z)/V] RT

Substituting Bquetion (26) into Bqustion (24) yields
o !
27 3a(t) = (14 K)) Zyny,(t) 27)

The fractionation number of the first period of condensation,
ro(A,t), is defined to be the fraction ¢f the mass chain condensed, or in

mathematical form

e«

b/‘\
ot

N

1
= Z,
YA J

~~~
N
[oe]

~

rO(A, t) = I njA(t)

H

+

-
[
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Again according to Henry's Law

#*
r by
k = -Ji L -1 1'29)
J N, N L
J J )
where fj is the fugecity of the element in the liguid phase
N, is the mole fraction of the element in the liguid phase, and
pg is the partial pressure of the iiquid.

However, by Reoult's Law for an ideal solution

*~
., = N 30
P P (30
. Therefore kj = P, {31)

The method for determining p, has been presented in Eguation (21).

] | 3
The [n(%)/V] ratio is given by a scaling function

()] = 5.67 x 10" lexp [~0.510 w-°*3T3¢] 391%5 ()
cm
; where t, in seconds, is related to the fireball temperature, T, by
1 T o= L.66 x 105 w00 exp-0.5u6 w7 3T % (33,

and the data of yjA(t) were calculated and tabulated as NJ(A, t) bty Polles
and.EalLou(Y) . Hence, the fractionstion number, rO(A, +), can be evaluated for
the e]smentsrcontained in the fireball.

During the second period of condensation, if an excess of solid

surface area is present. the amount condensed at any time after solidifica-

tion of the carrier, is given by
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s} s -
a' = n, - n 34)
J J J (
vhere nj is the amount of element J condensed on the surface of
the solid particles
ng is the amovnt of element ] that has not condensed in the
liquid cerrier, and
n is the smount of element j in the vapor phase.
o
Por a perfect gas
n pjv -
n, = B (35)
wnere p? is the sublimation pressure and may be evaluated according
to Equation (21).
The material balancez for element | is
! ( 6)
t) = n,(t) + n'(t) + n(t 3
y,(8) = ny(6) + nie) + mi(s)
Tnerefore, employing Equations (27) and (35)
o ]
k P.V
n e —dko y . (37)
J L+, 9
ox
K°
| v s
TR r e .
ZpR3p 5 ZYiA T BT “APa (38)
1+ k
J
In this equation the pertial pressure of each nueclide is propor-
tional to its abundance at any given time, and is given by
2, = (7 aAO) o (39)
JA J° 7




o

d vo - ! - Y
where yjA = {1 ro)yjA’ and
el - - [o]
£z .J MAYJ.A

The frsctionation number of the second period of condensation
ré(A, t} 1s defined to be the fraction of the mass chain condensed up to

a given time during the cecond period, or expressed mathematically

1 -

. . ¥V a
o Y o= e [r O \ — = )
o LAy T i NS 553 T LyPia) (:0)
or
%] o
- /Y. .. S
, {738/ )p,
- . v Jo 3 IA b
CAEY = - N _ 1
Yo AT ! A, t) 0.23 EWET 5. Y. W)
JTJA
where v is the fireball volume and is given by scaling the function

AT 7.62 X loll W eXp (0‘510 W-O'JIBt) cm3

-
"

= the rstio of fission to total yield, and
0.23 i¢ a conversion constant changing weapon yield, W, to

number of fission-moleg per atom,

Phyeicaliy in Eguation (L41), p? {/RT gives the number of moles of element J
in the vapor phase and Q.23 EWLE gives the total number of moles of the
element produced and in exietence at a given time in the second period.

The combiz=d term in Equation (L1l) give:s the fraction still remaining ia

the vapor :tste during the second period of condensation. The 1L - rO(A, t)
tevm gives the fraction which has not condensed in the liquid carriers during

thzir exiztence in the {irst peried of condensstion.
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The fractionation numbers yield the information asbout the fractions

of rediocactivity condensed in, or on the particles, at any time after a burst.

fi Therefore, the fractiocnation numbers not only make the conversion between
intensity and activity possible, but also lead the way to the evaluation of

soluble and insoluble activity which is important to bilological availability

and rediological countermeasures research.

y E. Conversion between Intensity and Activity

The conversion between intensity (measured as ionization-yrate) and

asctivity density in fissions per unit area is presented in "Fallout and

g
B
gﬁ Radiological Countermeasures",(h) based on the simple assumption that
: (t) (t)(ideal)
% I (i3ea1) = Ky(%) (82)
g A& Ay
3
E where the conversion factor, Kﬁ(t)’ is further broken down into the fol-
E
E lowing components
; _ X
Ke(t) = Doy [ry(t) 1p.(¢) + 1,(¢)] (13)
in which
D - is an instrument response factor, usually assigned a
value of U.75%
ay is the terrain shielding factor, usually assigned a
value of 0.75
rx(t) is the gross fission product fraction number, sometimes

also designated as ra(t)

(t) is the air ionization rate per fission at 3 ft above

fp
an infinite, ideal plane for a uniform distribution of
the normal fission product mixture, and

i,(t) is the same unit for neutron induced activities,
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Details about the neuwtron induced ionization rate, ii(t), are almost entirely

classified, but genmerally assigned(h) as 1.9% of i_ (t) The other components

fp
in equation (43) can be readily derived.

Detailed information sbout the actlvities of the U-235 fission
(7)

products has been provided by Bolles and Ballou These data can be
correlated to the data supplied by Katcoff(a) and applied to other types
of fission elements, such as U-238, Pu~239 by taking proportions of the
corresponding mass number. This conversion has been systematized and
tabulated in "Fallout and Rediological Countermeasures”. Moreover, Miller
translated the activity data from Bolles and Ballou into.ionization rete by
8 disintegration multiplier, m. Both tables of correlation and of disinte-
gration multipliers are reproduced from Miller's manuscript as Tables I

and II. Therefore, the ideal or normal ionization rate of fission product

mixture may be computed according to the following formula:

ifp(t) = ZmA,

where At is the activity of the nuclide at time, t, per lOu fission.
In asccordance with the earlier discussion, the fission products
do condense and fractionate with time instead of condensing completely sat
the very beginning as in the ideal situation. Therefore, the real ioniza-
tion rate, if;(t), should be multiplied individuaelly for each radionuclide
by its fractionation number at any specified time. Mathematically, this

may be expressed by

if;(t) = Zm At[ro(A, t) + ré(A, t)]

The 1] (A, t) term vanishes in the first period of condensation.

(&

)

(L)

(45)

As time 1nereases, the sum of the two fractionation numbers approaches unity.
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TABLE T
Cumulative Mass-Chain Yields of Fission Productéqj
(Values are in per cent of fissions)

Mass yR35 u238 P32
Numbex Thermal Fission Fission 8-Mev Thermal Figsion
Neutrons* Neutrons Neutrons Neutrons Neutrons Neutrons
ﬂ 7 1.6x10°  L.exao™  s5.0x107° - 1.2510"%% -
2 73 1.1x10'h 0.0012 3.7x10'5 - 2.2xlo-# -
; Th (3.2xlo'“)a 0.003h4 11x0™  0.001 k.axi0™t  0.0011
% 75 (8.8x10‘“) 0.0062 8.3x10-& 0.00L0 7.x10'l+ 0.0023
'g; 76 (0.0029) 0.012 0.0012 0.0078 0.001k 0.0051
g? T7 0.0083 0.023 0,0038* 0.01k 0.0026 0.011
f; | 78 0.021 0.048 0.0095 0.026 0.0049 0.025
f’ T9 (0.041) 0.096 0.019 0,053 0.0090 0.043
80 (0.077) 0.19 0.045 0.096 0.016 0.075
81 0.1k 0.21 0.088 0.18 0.030 0.1k
82 (0.29) 0.50 0.20 0.35 0.056 0.23
83 0.5kkL 0.80 0.khox 0.66 0.10 0.37
8l 1.00 1.3 0.85 1.02 0.17 0.60
85 1.30 1.85 0.80 1.h45 0.28 0.92
86 2.02 2.5 1.38% 1.9 0.45 1.15
87 (2.9u) 3.3 1.90 2.25 0.73 1.5
88 (3.92) L2 2.45 2.7 1.2 1.9
89 h.79 5.1 2.9% 3.17 1,9 2.k

Cont inued
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TABLE I {contitued)

» ' Cunmplative Mass-Chain Yields of Fission Products

(values are in per cent of fissions

% i Mass 3235 2238 Pw?39
_ NUDEL g1 Fission Fission 8-Mev Thermal Fission
: Neutrons* Neutrons Neutrons Neutrons Neutrons Neutrons
; 90 5.77 5.8 3.2% 3.7 2.b 3.0
91 5.8l 5.85 3.6 L,3 3.0 3.7
2 6.03 6.0 .1 L,8 3.7 S
93 6.5 6.4 L.85 g.2 L.6 5.0
9l 6.50 6.4 5.3 5.L5 5.5 PR
95 6.27 6.3 5.7% £.6 5.9*% 5.6
96 6.33 6.3 5.8 .7 5.7 5.2
97 6.09 6.1 5.7 5,64 5.6% 5.2 i
: 9% 5.8 5.8 5.7 5.6 5.k 5.4
99 6.06 B.1m¥ 6. 3% f.o¥x .o 5.9%
100 6.30 6.7 6.1 6.4 6 6.l
101 5.0 5.3 5.5 6.5 6 5.9
102 L1 2.9 5.6 5.9 5.9 5.3
103 3.0 1.7 6.6 5.0 c.8+ L.6
10L 1.8 0.95 5.k 3.2 5.0 3.5
105 0.90 0.54 3.9 2.2 3.9% 3.2
L6 0.38 0.30 2.7+ 1.5 5.0% 3.6
107 0.19 0.17 1.35 1.0 L0 3.1
108 (0.085; 0.095 0.67 0.70 3.0 2.6
109 10.039, 0.0%3r=x 0.32% 0.48 1.5% 1.9+
£10 (0.020) 0.030 0.15 0.33 0.65 0.8:
1.1 :0.019 0.02247+ 0.073* Q.23 0.27* 2.3k
112 {D.01y) D .020%*+ 0.0k6* 0.19 0.10+ 0.14=
113 10.012) 0.0i8 0.043 0.17 0.055 0.090

Tontinled

Y
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TABLE 1 {continued)

Cumulative Mags-Chein Yields of Fission Products

{Values are in per cent of fissions)

Continued

Mass U235 5238 Pu239
Number Thermal, Figsion Fission 8-Mev Thermal Fiesion
Neutrons Neutrons Neutrons Neutrons Neutrons Netrons
11k {0.011) 0.017 0.041 0.16 0.0k6 9.075
115 0.0104 0.01L7*** 0.040* 0.15%*x 0,041 0.069*%
1116 (0.010)° 0.017" 0.039 0.1k 0.039 0.065
117 (0.010) 0.017 0.039 0.1k 0.038 0.065
118 (0.010) 0.017 0.1i0" 0.1k 0.038° 0.064°
119 (0.011) 0.017 0.041 0.1k 0.039 0.06k
120 {0.011) 0.018 0.042 0.15 0.041 0.065
171 (0.012) 0.020 0.0k 0.16 0.0kkL* 0.066
122 (0.013) 0.022 0.046 0.17 0.047 0.069
123 (0.015) 0.030 0.050 0.19 0.052 2.076
12k (0.017) 0.053 0.055 0.23 0.058 0.082
125 0.021 0.095 0.072 0.33 0.072% 0.14
126 (0.058) .17 0.175 0.L8 0.175 0.3¢%
127 (0.145) 0.30 0.39 0.70 0.39% 0.80
128 0.37 0.54 0.77 1.0 0.77 1.9
129 0.90 0.95 1.45 1.5 1.45 2.5
130 2.0 1.7 2.5 2.2 2.5 3.2
131 (2.88) 2.9 3.2% 3.2 3.8 3.8
132 (4.31) h.3 L, = Lok 5.0 L.6
133 (6.48) 6.1 5.5% 2. 5.27+ L.9
134 (7.80) 7.3 6.6% 6.5 5.69¥ 5.2
135 (6.40) 6.3 6.0% 5.9 5.53 5.1
136 (6.36) 6.4 5.9% 5.8 5.06% 5.3
137 (6.05) 6.0 6.2 5.85 5, 2L+ R
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TABLE I {contin.ed:

Cumuistive Macs-Chaln Vields of Fission Products

{Values are in per cent of fiszione) -
Masg '3235 ”2 38 Pue 39
fumber Thermal Fiseion Fission 8-Mev Thermal Fission
Neutronz Neutrons Neutrons Neltrons Nevtrons Neubrons

138 5.7k 5.7 6.L 5.9 25 5.4
139 (6.34) 6.k 6.5 6.0 5.7 5.2
1h0 640 6.4 5.7*% 5.6 5, 68 5.0%
1k (6.30) 6.3 5.7 5.5 5.2% L,7

3 12 (5.85) 5.9 5.7 5.4 6.69% L.9

E 143 (5.87} 5.8 5.5 k.97 5.l 5.0

? il 5.67 5, 1x L,9x L, e 5, 20% 4.8

;’ k5 3.95 k.2 3.7 3.7 L, ak= Lk

£ 146 3.07 3.3 3.1 3.17 3.53% 3.7

3 =7 2.38 2, 5% 2.6%% 2, 7x 2.92% 3.0

i; 1.8 1.70 1.85 2.0 2.27 2.28» 2.36

é 19 1.13 1.3%% 1.45 1.9%* 1.75 1.86

3 150 0.67 0.80 1.05 1.45 1.38% 1.48

1 151 0.L5 0.50 0.7k 1.02 1.08 1.16
132 0.285 0.31 0.50 0.66 0.83% 0.92
153 0.15 0.19%* 0.32 0. hixx 0.52 0.60
154 0.077 0,096 0.19 0.25 0.32% 0.37
185 0.0%3 0.048 0.11 0.15 0.20 0.22
155 0.014 0.023%¥ 0.,066> 0.,092%* 0.12% 0.1k
1=7 0.0078 0.012 0.03L 2,037 0.06% 0.075
158 0.002 o.0062 0.016 0.032 0.03L 0.0L3
159 0.00107 0.003U>* 0.0090%# 0.0L17** 0.020*4%% 0,025

Cont inued
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TABLE I (continued)
Cumulative Mass-Chain Yields of Fiscion Products

(Values are in per cent of fissions)

Mass U235 U238 Eﬁ?39
Number Thermal Fission Fission B-Mev Thermal Fission
Neutrons* Neutrons Neutrons Neutrons Neutrons Neutrous
160 3.5%10-4 0.0012 0.0036 0.0085 0.0092 0.011
161 7.6x10~5 b 6x310-4%*% 9. kx10-U4 0.00kL** 0.0038%x*  0.0051
_Ei *Seymour Katcoff, Fission-Product Yields From U, Th and Pu, Nucleonice,

Vol. 16, No. k&, p 76-85 (1958)

*¥],, R. Bunney, E. M. Scadden, J. O. Abriam and N. B. Ballou, Radiochemical
Studies of the Fast Neutron Fission of U23° and U235, Second UN inter-
national Conference on the Peaceful Uses of Atomic Energy, A/Conf. 15/F/643,
USA, June 1958

*¥¥3. P. Ford, J. S. Gilmore, et al, Fission ¥ields, LADC-3083, 1958

**%¥%1,, R. Bunney, E, M. Scadden, J. O. Abriam, N. E. Ballou, Fiscion rieids
in Neutron Fission of Pu®S7, USNRDL-TR-268, 1958, Uncl.

a. Parentheses indicate estimated values or where Katcoff's value was altered
in order to adjust the ylelds to a gross sum of 100 in each veak.

b. Line indicates division of two peaks that was used for individual peahk
SUms .
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TABLE II

the Fisgion Product and Other Radionuclides
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Table II {continued)

Alr Ionizaiion Disintegration Multipliers for
the Pission Product and Other Radionuclides

m m
Nuclide 1077 r/hr-ft2 Huclide 1077 r/hr-f-t2
(dis/sec) (dis/sec)
Sb-~125 2.78 Ce=141 0.470
gb-126 16.1 Ce-143 2.3k
Sb-127 2.70 Ce~1lhb 0.188
Sh-128 13.0 Ce-1ks 4oz
gb-129 6.10 Ce-146 1.60
Sh-131 5.66
Pr-143 0.0
Te, -125m 0.0525 Pr-14h 0.163
el ~127 0.131 Pr-145 0.0
Te;,-127 0.0249 Pr-146 6.42
Te,-129m 0.398 :
Te,-129 1.52 Na-1h7 0.968
Te1»l3l 8.42 Na-149 2.31
Te;-131 2.08 Nd-151 6.4h
Te<132 1.52
Me, -133m 0.790 Pm-147 0.0
Te-~133 9.12 Pm-149 7.25
Te=134 7.89 Pm-150 4.99
Pm-151 2.21
I-151 2.38 Pm-152 3.79
1-132 13.0 Pm-153 L.,76
_ I-133 3.59
L I-134 9,63 Sm-151 0.0544
v I-135 9.60 Sm~153 0.455
e Sm-155 1.80
e Xz,~131lm 0.207 Sm-156 1.20
. 3 XeT-133m 0.413 Sm-158 3.08
S fe;-133 0.304
3. 4 XeS-135m 2.69 Eu-155 0.31k4
h 4 Xe, =135 1.55 Eu-156 5.55
x5 Xe2138 7.89 Eu-157 3.79
g Eu-158 T.21
. Cs-137 0.0
-~ Cs-138 11.2 Gd-159 0.430
. Cs-139 L. 78
Tb-161 0.123
Ba-137m 3.65
Ba-139 0.888 U-237 1.13
pa-140 1.10 G-239 0.388
Ba-141 L.22 U-240 0.0
Ba-1h2 5.76
Np-239 1.11
La-140 13.0 Np-240 2.07
La-141 0.400
La-142 11 6 Mn-56 9.40
La-143 6.67
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The gross lonizatirn fractionation number, rx(l), is defined as
the ratio between the lonlzat.on rates at H + 1 hour of condensed and normal

figsion products. It may be expressed as

1.%(1)

S v o

P

Thus, all the components for the coi. ::ion factor, Kx(t), have been cited
and derived. The iniensity-activity conversion, shown as Equation (42),
is very useful in fallout contauination studies and the determination of
other properties of fallout.

F. Biological Avallability and Atom-Concentration Intensity Ratio

The fraction of radionuclides condensed on the outside of fallout
particles is potentielly available for biological uptake. By an analogy
to the intensity-amctivity conversion presented in the foregoing section,
the ratio of the number of atoms condensed on the exterior of the

particle to the standerd intensity at H + 1 hour is given by the following

formula
*
N _(A) Y, r'(4, t)
04 - Ao (h?)
T (1) Kkttj
*
where Na(A) is the number of atoms (of the end member of the mass

chain and condensed on the outside of the particle)
which land per square foot of ground.
The other terms in Equation (47) are the same as defined previously.
The retio N;/I is called the atom-ccncentration intensity ratio.
As shown in Equation (12) the fireball rising time, t, is & function
of the particle-size parameter, &. Because of time dependence this ratio is
also dependent or. &. However, the O can be approximated and simplified by an

average value ao, which is
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Since ao doces not vary with cross-wind distaunce, the atom-concentration
intensity ratio holds constant as a first approximstion for all values of c¢ross-
wind distarce at a given value of downwind distance X(lo). Moreover, as shall
be seen in the following section, a glven value of O represents a group of
particles with & small range in diameters. Therefore, the ratio NZ/I is essen-
tially associated with & given particle size.

The values of N; (A)/1(t) for six biologically important isotopes at
different downwind distances for e typical 10 MT burst have been caleulsted
as shown in Table VI.

Thie ratio can be applied to water contamination studies to yield
the activity of soluble radionuclides in water supplies. If rs(A, t) is

*
replaced by ro(A, %), the ratio Na/i will provide the information for the activity

of insoluble radionuclides, since those radionuclides fased into the silicate

particles are assumed to be not readily soluble in water.

G. Ionization Rate Contour Ratioe and Particle Size Distribution

Several jonization rate contour ratios have been defined to deter-

-li mine special properties of fallout. They are:
(a) The mass contour ratio, Mr(t), which is the ratio of the
fallout mass per unit area at any downwind distance to the ideel ionization

rate at that location, or mathematically:

M (t) = m/I(t) (19)

where my is the mass of fallout per unit area at any downwind
Gistance, X
Ix(t) 1s the 1deal ionization-rate at 3 ft above an extended open

area covered with fallout.
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The mass of fallout, m, empirically determined to be a funetion

of both & and W, is -
n = f{a) WO'917 ng (50)
- - o]
where fla) = 5.33 x 10 12 o 1.25 mg/fission, a = 0.1 to 0.9
= 5.64 x 10'12 a'0‘690 mg/fission, a = 0.9 to 2.0
-13
= T.1h x 10 ng/fission a >2.0
According to Equation (42), it is found that
T,(1) x Area = D(1)ay [x,(1) 1.(1) + 1,(1)] BW (51)

Therefore, the mass contour ratio associated with H + 1 hour, Mr(l),

for a ground surface burst will be

£(a) w0083 mg/sq £t (52)
D(1) qu[ga(IT ifp(l) + ii(l)] r/hr at 1 hr

‘ M_(1)

(b) The fission~product contour ratio, FPr(t), which is the ratio
of the number of atoms, or moles, of fission products per unit area st any
downwind distance to the ildeal ionization rate at that location, or mathe-~

metically:

FP_(t) = pr/Ix(t) (53)

where pr is the number of atoms, or moles, of fission products

per unit area.

From the discussion of Section 6., this contour ratio, corrected

to H + 1 hour, for a ground surface burst may be expressed as




A e AR SRS S o e L U CVIE —

=37~

1.16 x 1072 sz{rokA) + v (AT, moles fp/sq £t (5]
D(1) qx[ra(l7‘ifp(l) SENEN T/hT at 1 br AR

FPr(l)

(e) The fraction of device contour ratio, FDr(t), which is the
ratio of the fraction of weapon device per unit area at any downwind distance
to the idesl lonization rate at that location. This ratio when corrected to

H + 1 hour may he expressed as

7.1 x 1072

4 hr, t 1 hr. (53)
D(1) qy BWlr (1) ifp(l) + li\l)] r/hr/eq ft at 1 hr 5

FDr(l) =

These contour ratios predict various characteristics of loecal
fallout, as they yleld information sbout the mass, the number of atoms of
fission products per unit area, the fraction of weapon yield per unit area
and other properties of fallout at & specific location. This irformation
is valuable for the design of fallout shelters and other rmdlological

] countermeasures. Moreover, the use of thege contoux rafios ard their

! gealing functions makes possible the extrapolation of a limited amount
) é ' of experimental data to cover a aumber of operational cases since the con-
tour ratios are not congtant but are point functions whose values depend
on many variables. PFurthermore, the average density of the fission products
%:_ can be estimated from the ratio of FPr(l) to Mr(l>'
‘ Another advantage of the 0.C.D. fallout model is that particle
size groups for any given downwind location can be estimated by a graphical
method, provided that the particle fall-rate is known. Sinte the fall-rate
for a given size purameter @ does denote a group ¢ particles with a range
of diameters, with the fall-rate for a given particle size parameter known,

the range of diameters for a group of particles can be determined, depending

on the thickness of the cloud and the altitude from which the group falls.
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A family of curves which shows the size of ideal, spherical particles falling
through & standard atmosphere from various altitudes as a function of fall-

&
(11) and appears as a sketch in Figure 8.

rate was prepared by D. E. Clark
When estimating the particle size range at a downwind distance, it
cshouwld be fTirst decided whether the source of the particle group originates
from ths gtem or the cloud. The origin of the particle group can be generally
judged by comparing the downwind distance with the downwind range of the

ctem fallout. In case the distance falls within this range, the particle

group predominantly origirates from the stem; otherwise it is essentially
derived Trom the cloud. Within the stem range, the maximum and minimum O
values may be caleulated by Equation (1l), which is a laborious procedure.

A computer program, as shown in Figure 7, has been established to solve this
equetion. The height of fall for the stem fellout is derived from Equetion (10)
which is

(z ok, - V. p) .
2 - el (56)
A wd

For particle groups falling inside the cloud range at any down-
wind location (X, Y), the crosswind distance ¥ should first be converted

to the cloud coordinate, y, according to

v .
y = & {57)
where Y is the maximum half-width of the c¢rosswind distance on a

1 r/hr contour, and

is the cloud radius.

m

Following this coordinate transfer, use eguations (15) and (18) to

Jetexrmine am and the two extreme heights of fall, 2 and Zg For the actusl
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distance of fall, the height of the cloud, h, should be added. The fall-rate
is evaluated from Equation (10), which is the defining equation of @ and

which yilelds

Pty

1
o

~

v =

v
.2
T Q

Therefore, with weapon yield and downwind distance known, and with
the help of the fell-rate curves, the approximate particle size distribution
at (X, ¥) can be estimated. This information on particle size distribution
is useful for studies of transpcrt phenomena in fallout investigations.

H. Conclusion - The Reality and Applications of the O.C.D. Model

The 0.C.D. fallout model mainly uses the technique of the scaling
method, hence most of its formulae are derived from realistic experimental
data. Therefore it serves as a very good bridge between the ideal theoretical
hypothesis and practical empirical data. Moreover, this model hes been
applied to several real test shots, and was found to yield very satisfactory
results. On the other hand, the fundamental thermodynamic theory on which
this model ig based is quite simple and convinecing, and all the computations
involved are relatively easy. Another advantage of this model is its wide
gpplication, since it gives not only information on fallout patterns but
also that of activity, hence it is very valuable to radiological research.
Although there are still a few defects, such as constant wind veloeity,
the sole dependence on weapon yileld, and the clgar-shape contour assump-
tions, ete., this model is generally considered very realistic and applicable
to the problems of fallout research. 1Its main applications will be radio-

activity prediction, countermeasure design and biological protection.
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III. COMPUTATIONAL METHODS OF THE FALIOUT MODEL

A. Ionigzatior Rate Contours

Although the physical characteristics and the mathematical approxi-
mation for the rising stem and the cloud have been discussed in detsil,
little hes been said about how the fallout contours are determined. BEven
though the availaeble data from aetual land surface shots is small and limited
primarily to low weapon yields, some general conclusions have been drawn
from the test data.

Because most of the observed properties of the fallout patterns
are in terms of intensity, the fallout contours are usually given in units
of roentgens/hour (where the time was corrected to & standard time of
H + 1 hour). The general shape of the fallout pattern can be approximated
by the overlapping of ellipses, for both the stem and cloud fallout.

The dimensions necessary for constructing the ellipses are the
distances from ground zero along the downwind axis where the lateral dis-
placement is zero, (Y = 0). First, to comstruct the intensity vs. distance
curve (see Figure 4) the downwind distances of interest are the highest

intensity and a preselected low intensity, which varies with wind velocity,

but for a 15 mph wind is 1 r/hr at 1 hr.

For the stem these locetions have been labelled as follows:

Xl and Xh are the upwind and downwind distances, respectively, from
ground zero to the 1 r/hr at 1 hr intensity.
X2 and X3 are the distances to the upwind and downwind shoulders,
respectively, of the intensity ridge.
For the cloud the following notation is used:
X5 and X9 are the arrival lccation for the group of particles of the
the selected low intensity from the rear and front of the

cloud, respectively.

PAGE RLAME-MGE FALMED
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is the distance from ground zero to an intcrmediate point

6
between X_. and X..
weet ¥ 7
X7 is the downwind distance from ground zero to the peak of
the intensity contour.
X8 is the downwind distance from ground zero where the contour

intervals has a maximum half-width.
The values for these quantities are determined by equations
appearing in the Ionization or Intensity rate computer program. Because
of the limited characters available on the computer printer, the notation
used in the analysis of the model had to be changed. The corresponding
notation between the model and the computer program is given in Table III.
The following discussion descrives the method for calculating the

X's and how the scaling functions can be found in the computer program in

Figure 5. First, yleld-dependent scaling functions for the size parameters

a = 02’3, ah’ a5’ e ey a9 have been determined from data that has an

.§_' effective, or average wind speed of 15 mph. These scaling functions are
V.
W .

then multiplied by 5 mh to correct for the wind velocity Vw. 12’3,the

ionizatioa rate between X2 and X3,is calculated by two formulas. For yields

= T Az© n - % A0
W > 100KT, 12’3 = K2’3(l) Afaze,3 V,, vhere the values for K2’3(l) AfAZ2’3

and n were generated by fitting curves through the values of a Table in
Chapter Three of Carl F. Miller's manuscript "Fallout and Radiological
Countermeasures’. For W < 100 a curve was fitted through the first three

values of 12 3 given in another table from Miller and adjusted for wind
3

V.
_E)-0-79
15 )
lines 0741l through 0802 in the computer program appearing in Figure 5.

velocity by multiplying by ( The resulting equations appear on

In all the equations that follow the scaling function formulas

and constants are given in Table IV. For any scaling function dependent
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Figure 5. Computer Program for Ionization Rete Contours

0200 BAC~220 STANDARD VERSION  2/1/62
0200 DUMP J s TES
0400  COMMENT  RICHARD E. JAMES FOR A ® 633, 3
0400 INTEGER F , 6 » J » P » N HLEDEC , 799,., $
040y ARRAY  ALPLO), 1090, 1C(49) s KAALD) ,LE49),LIL9), (49D, PHI(D),X(9} s
0400 PROCEDURE SEMI(X1s110X2,12 § M,B) s
0404 BEGIN C = LOG(IL 8
0408 i b o= LOGLIR) s
a2 Mow (X2 =~ X1) / (D = C) s
0422 BE (XL o« 0 = X2+ C)/ (D ~C) H
0436 RETURN  END  SEMI() s
0442 FUNCTION LFF(N.W) = 2.3025851 LIN) + LW . M(N) $
0454 FUNCTION FP(N,W) s EXPCLFFIN/W)) s
0467 FUNCTION IFF(XsMMsBB) & EXP((X~HB)/MM) $
0478 FUNCTION SLLCI»MsB) ® M,LOG(L) + B H
M 0488 READ(SSGAZ) S INPUT UAZ(EDC,FOR Js(1,1,EDC) § (FoLCFI.M(FI))S
0523 START.. READ(SSEBWY) $ INPUT EBWV(W,VW) H
0539 LW = | OG(W) *
0543 F e (W GTR 28 ) Y
0582 G "W GTR 9.0) 5
0561 Ve yN/15,0 s
0565 AH = FFU39 & F » W) $
0573 A s (2,4%9093)We0,431 3
0579 B = (1,40883)We0,30" s
0585 LA LFFE3,W) $
0592 LARS ® LFF(2,%) H
0599 LAS = LFF(8,%) Y
0606 RS = FFld4,W) $
0613 H s FF(SeF,H) [y
0621 KA = { ARS /7 (N = RS) $

0628 o LAD & LA = KAH [
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Figure 5 (Continued). Computer Program for Ionization Rate Contours

0632 28 = (LAS -~ LAD) /7 KA s
6637 ALP23 = V.FF(7.W) 5
0645 1(1) = J¢4) = [(9) s 1,07V s
0651 FOR J = 4,9,647,8 ]
0669 ALPLYY = V. FFL214,W) $
0683 ALPS = ALP(5) $
06485 20 = G C 1900.0 + (ALP23 + 0.0200ZS)/A.P23 + (1-G){H=B) $
0709 AS = EXP(LAS) 3
0713 X€2) » ALP23.15 = AS %
0717 X(3) = ALP23.2S5 ¢ AS $
6721 Xt4y = ALPCA) ( ALPC4) . ZU = 319UB.0 9 7/ t ALP(4) + 0,020 ) §
0733 K12 » FF(43 + F,H) s
0743 EITHER IF W LSS 100 s
0741 BEGIN

0749 1023 « EXP((~0.20278297LW + 1.5887143)_ W + 7,4558747) 3
07%4 123 » 1023 . Ve=0,79 )
0761 END 3
0761 OTHERWI SE s BEGIN

0762 VUN 8 =EXPL ({((~7.,942358604=4)LW + 0.021809740)LW

0767 = 0,22171897)LW + 0.97745048)LK - 1,B205694) $
0776 VHSN = VieVWN $
0781 1023 = ExP( (({=0,0017555634|W + 0.046499101)LW =

07886 0.42765104)LW + 1.0535187)LW ¢ 13,053862 ) s
0793 123 = 1023.VWSN s
0796 1023 = 1023.150ViN 1Y
0802 END s
o802 (1) = x(2) = LOGt123)/K12 s
0811 ALPSP = V,FF(11,%) ]
0819 ALP(9) = V,FF(234+F, W) s

0828 EITHER IF ALP(5) GEQ AM 3
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Figure 5 (Continued). Computer Program for Ionization Rate Contours

6837 KAALS) = FFU30eF,H) s
0841  OTHERWISE _ _ K
0845 BEGIN  KAA(S) ® FF(32,W) s
uBey ALP(S) % ALPSP o T END s
oesy FOR J » 6.7 L R 3
0887  KAAGJ) B FFU22420%(ALPCJ) LSS AHD , W) - ) 'y
0883 KAALD) = FFL38,M) s
0890 ABSQ = FF(1,W) s
0897 FOR U & 6,7,5% s
”. 0907  BEGIN  EITHER IF ALP(J) LSS AH s
§ 0907 ac = ALP23
3 0918 OTHERWISE o L s
, 0948 . 00 = ALP{J) = AH . , s
%* 0923 PHICJ) ® ((ALPLJ) + AH) + SORTUABSD + CALP(JI*AMI.CALP(JI*AH)))
| 0937 /0(00) + SURT(ABSO + 0G.UG)) Y s
é; 09%1 FOR y = 6,7.5 $
‘=€ ! 0961 TG b 2. AKAACIILLOGEPHICU)) s
- 0974  EITHER IF ALP(5) GEQ AM s
;- 0974  ALP(S) = ALPSP s
%f 0981  OTHERWISE o _ 5
;; 0981  ALP(B) ® ALPS $
E 0984 CFOR J 8 (5,1,9) _ s
; 0995 X(J) ® (6600 ¢ 10200F)ENSC0.445 = U.281F)IALPLY) )
1 1021 o IF ALP(S) QTR AN s
- w29 | XI5) % X(5) - 8 . SORT(ABSG + ALPSP , ALPSP ) s
f ' 1u36 _ALP(B) = ALPS - | 5
:' 1038 SENI((7),1¢7),X(9),1(9) § M789,8789) 5
1094 1¢8) & IFF(X(8),M789,8789) _S
1063 Y815 & EXPCC((( 9.9684B1400-a)LU ~ 0,027025999)LW +

1u68  0.22433052)LW = 0.12550032)Lw + B.7992249) ] $

Py
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Figure 5 (Continued). Computer Program for Ionization Rete Contours

1075
1089
UL
1095
098
1109
1117
1125
1162
1192
1192
1213
1216
1220
1233
1236
1245
1251
1267
1283
1299
1315
1331
1347
1347
1347
1377
1377
1377
1405

- 0.3464UBIVH ¢ 3. 84044 s
¥8 = Y815 . SVN 1
1t2) & 1(3) = 123 $
FOR J = (1,19 . )
LItd) = LOG(T(d)) . $

WRITE(SSECL,ECF1) s

QUTPUT ECL(FOR J = (151.9) § J » FOR J = (1,1,92 § X{J)/528¢0 ,

FOR J 2 (1,1,9) § 1(J) , ¥ » VW , Y8/5280 ) ) 8

FORMAT ECF1(112,8113,Mu3,9X #,9513.6, 04,81 #,9513:6,46,X35.0,¢ KT,
X10.0,% MPH®,B45,0Y8 =8,X8,4,46) B H
COMMENT  COMPUTATION CF VALUES WHICH WILL BE JONSTANT IN NEXT SECTIONS
Y0S » FF{20,W) ' e s

... Y8 = YOS , LOGlI23)/LOGRIORYY . LI
X87 = x(8) = X(7) ) S H
D = SORTLYH.Y8 + XB7.XB7) o s
L17 » LOG ¢ It7) 7 1(9) ) ) _ $
SEMIC(XC(1),1.0:X(2),123 § Mi2,812) ) ) H
SEMI(X(3),123,X(4),1(4) § M34,834) 7 Y
SEMI(X(5),1(5),%(6),1(6) § M56,856) s
SEMI(X(B)s 1061, X{7),147) S M67,867) 3
SEMI(0,0,123,Y5:1.0 5 MYS.,BYS) 3
SEMIC0.0,1¢7)sDs1.0 § MYB.EYS) . s
‘WRITE(SSECF5) $ FORMAT ECF5(e [#,08,0%X1 = X2 X3 ¢ Xd4e,
_eq.oxs '“¥§ = X7 ® X8 - X9#,B5,9Y-STEM#,3%.8Y-CLOUDs,B9,
*CB*,B1%,9F0C e, K4) s
COMMENT  WE NOW FIND THE ENDPOINTS OF THE SEVERAL ELLIPSES AND

THE FOCI OF THE UPWIND CLOUD ELLIPSES H
READ(SSEAIC) § INPUT EAIC(EDC,FOR Jm(1,1,EDZ) § [CtJ)) $

SVH 8 ((3.U592VW, VN/(F%a5) « 3,60992VvN79000 + 0.0174592 v

FOR U = }lalgEDC) S
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Figure 5 (Continued). Computer Program for Ionization Rate Contours

1416 BEGIN Iu = ICtN) s
1420 . XCi « sLLtly » Mi2 , BL2) ] .

1429 XC3 & SLLUIJ » M34 , B34 $

1438 XC4 ® SLLUIJ » M56 » B56) $

1447 IF 1J GTR (&) s

14855 XC4 & SLLUIJIM67:B67) $

1461 XC6 s SLLUIJ » N789 , B789) $

1470 YIES = SLLCIJ » MYS » BYS$) $

1479 DPR = SLLCIJ & MYB , BY8) )

1488 YIigC = DPR . YE /7 D 3

1493 XPRS ® X(2) = LOG ¢ 123 7 IJ ) / Ki2 8

1504 XX® X(3) & (X{4) = XC3)ILOGC(123/ 14  H/LOG(IR3/1(4)) $

1525 SA *  3,1415927C1(XC(2)=XPRSICX(2)~XPREI¢YSIXX+KPRE-2X(2))/2) §

1542 _ XXYY = LOGCIC7)/14) 7 LI7 H

1550 YY = Y8, XXYY s

1583 XXC wX(7) ¢ {X(9) = X(7))XXYY $

1558 7 Pe g = 14 L5 1(e)) s

1570 XPRC ® X(P) + (X P+1) = X(PIILOG( IJ / 206 L(P+1)/1(PY) &

1594 CA * 1,5708 YY € XXC =~ XPRC » s

1599 CB = (X(7) + X87,YICC / Y8 ) $

1605 ELLC = SQRTE(CB « XC4)(CB = xC4) - Y]CI,vICC) s

. 1618 WRITE(SSEC2,ECF2) s

'ti 1626 QUTPUT EC2(1J,XC1/75280,XN3/5280,XCa/5269,XC6/5280,Y(CS/5280,

1 1686 YICC/5280,C8/75%280,¢CO-ELLC) /5280, CCB+ELLCY /5280 ) 3

1689 FORMAT ECF2(X9.2,2€(32,2X11.41,B3,2Y11,4,83,3X11.4,KW4) s

1691 7 END )

E 1662 Z99WINDVELOCETYMPH = Vi ) Z99YIELDKT W 3

1 1700 COMMENT  HERE WE FIND THE CONSTANTS FOR A FORWULA FOR FINDING
Y 1700 INTENSITY IN THE DOWNWIND CLOUD REGIIN ]

1704 o X7 = X(7) / 5280 $ XxB = Xx(8) ’ 5280 § X9 ® X(§) / 528U $
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Figure 5 (Continued). Computer Program for Ionization Rate Contours

1742
1718
1722
1729

L73%

17431
1770
1770
1770
1770
1811
i818
1819

X87 = X8 = X7 $ X988 % X9 = X8
MYS8 & YB / 5280
X44 = X598 ., X98 - x87 . xa7
CI = L7 7 X44
WRITE(SSECH,ECFO)
OUTPUT ECOILI7+LOGLI(Y)) XB7,CloX9B.Cl X442 (MYB,MYB}, X7
FORMAT ECF&(W,#FOR DOWNWIND CLOUD INTENSITIES, #,W4,%] » ZXP (s,
S10.3s0 + (#,X12,10,8) ,XX7 =~ (#,X11.7,8),SQRTUXXT . XX7 + (=,
S10.8+03Y.Y 3 Je,uW4 , B55,#WNERE XX7 ® X - #,810,8,85,
* X AND Y IN MILES dee,ub
IF W EGQL 10000.0 $ STOP 44445457
GO STARY $
FINISH

COMPILED PROGRAM ENDS AT 1820

PROGRAM VARIABLES BEGIN AT 3735

*”

WA
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Flgure 5 (Con’oinued). Computer Program for Ionization Rate Contours

LAST LABEL MARSED WAR $TaARTLO0UL)

. LABEL TN PROSRAM _NUKBER OF TiMES EXSCUTED
. _8TARY L 0004
__VARIARLE IN PROGRAK C NALUE
A I £ 4 4 ) 4 LTI -
ARSQ +34197939, 02
. AH P . .. «}702188%, 04
argl 62373482, 00
ALPS . 81388236, 00
ALPYP L21383811, 01
i LAB704819, 05
[ .22188%03, U8
aYs ,8682/252, 08
ere 37981424, 08
Bty L. . L =.B9421576, (5
137 116264838, 08
s . . (44080688, 08
w? - 20357816, 07
8789 27081052, 07
CA 32907088, 11
- . . N 2726444, 08
¢l L47618109,-04
) . . .. . o 370814¢%, U0
nen L46067330, 08
£0¢ ) 000000008
ELLC L.21618324, D6
¥ B . 8000000001
q 0000ys0004
N .76207868, 0%
1 .30000000, 04
rg2s . L 35486541, 04
123 35456541, 04
Kl . 0000000089
7Y 48930778, -04
x12 L,1°271075,-03
WY (11773117, 02
LARS L 31583793, N1
[y} .983643¢, 03
LAD , .81766230, 04
17 91114921, 01
U +94103404, 01
'\l =.B1394057, 04
nee 63219246, 02
ni2 88745896, 04
w34 ) a,14943880, 08
uss L11616057, 08
ne7 L35598784, 06
Wree T «,272214(09, 08
g » 8000000008
i L1 41620270, 00
A (1] L 46774326, 04
b B T L 40226066, 10
k. Wy .10000000, 01
; v : .1000U000, 01
. 4 7] 415000040, 02
i VN -.73964731, 00
- YHEN 13492061, 00
] +10000000, 08
01 216073800, 04
3 %63 (43000790, 0%
k xC4 .10708308, 08
F: xge L60845920, 06
E XPRG +10708309. D6
g XPRS (16073808, 04
2 AX . 43004799, 0%
XX¢ 60865971, 06
R XXYY e A 12120948, G¢
L Y] 19215216, 06
k- x? o e .... s5A3D089Y, 02
%8 88849301, 02
ns? e e i 30340402, 02
xS 32008024, 03
k: L34 . L. L .. 443%su094, 03
L Tice 41706826, 08
; _nees . e —— 133804790, 04 ___
" L 64527283, 08
+g v i Yy £ 1Y LY. TR
3 Yoy 64927259, 0%
L e e 20435740, 08
va3s 34435702, 08
Ly —— 4949929, 4%
39112209, 08
L ARIMINDYRL . oo oo oLRURRORAR .

199V RLDRY 0000020000




Figure 5 {Continued).

"ARRAY  ALP

4000000004
61517604,

ARRAY 1

4120000004 01
«50283093, 04
ARRAY 1C

4100000004
30000000,
30300000,
000000000+
200000000+
200000000
»00000000s

ARRAY KAA

200000000
400000000

00
0o

ARRAY L

2 486000CC,
+28000000,
482680000,
050490000
218500000+
=e 989000000
+ 00000000,

ARRAY M

+26200000, 00
434800000 00
30500000+ 00
010600000 00
015100000+ 00
«p370000000e=01
#00000000s 00

ARRAY PHI

+00000000+ 00
+00000000¢ 00

ARRAY X

3694215799 08
+ 46006031, 06

" e13710000+

' 810790000+
00,

+ 000000004
4366437300

00
02

035456501
100000004

cé
o1

#30000000 ¢
010000000
+45000000 ¢
100900000 ¢
00000000
400000000
000000000+

000000000+ 00
042268870 9=04

«10700000»
033080000 »
+40050000,

[}
01
[}
01
01
01
-]

=3 320600000
s00000000»

0928000000 e w1
+40600000s 00
459600000 00
=y 12600000+ 00
=g29800000s 00
=420000000sa01
200000000 00

00000000+ 00
#00000000¢ 00

23009920049 04
027001053 07

00000000 00

#354569410 04

410000000, 02
220000000+ 03
»00000000» 00
400000000+ 00
400000000+ 00
+00000000, 00
400000000 00

00000000 00

033890000 01
033640000+ 0}
244100000 0}
098000000+ €0
»e28090000¢ 01
«3216600009 01
2000000000 €0

+43100000+ 00
31900000 00
231500000+ 00
+ 14600000, QO
;27200000 00
«¢93200000¢ Q0
+60000000¢ 00

00000000+ 00

0405035549 05

-52-

.

2622668509 01

+10000000+ 01

+30000000¢
30000050+
200000000+
«000006000»
«00000000
00000000
00000000+

00000000+ 00

+23190000¢+ 01
=9 54000000¢=01
¢51900000+ 01
427000000¢ 0O
=431850000¢ 01
»443100000+ 00
¢000G0000s 00

033300000+ 00
095000000+=01
31900000 00
«89000000+=01
=o406000000 00
=314000000+=01
#00000000+ 00

2000000000 00

216264539y 08

Computer Program for Ionization Rate

+ 81658235

+23872992¢ 0}

10000000
160000000+
400000000y
+00000000
200000000,
+00000000,
+00000000y

8155238081+=04

038200000,
238500000,
52020000+
«4176000004
00000000,
=383700000, O
+00000000, 00

+44500000+ 00
«48100000+ 00
+31100000» 00
«22000000+=01
+00000000s 00
126700000+ 00
400000000+ 00

217209733 01

*231T721800 0%

«14927943,

052492282

230000000+
# 10000000
+00000000
«00000000
200000000
400000000
000000000

03
04
00
00
00
00
00

0486407271201

042260000 01
«42550000» 01
4322300000 O}
+300000009=01
«012340000¢ 01
=e2%9030000¢ 01
»00000000» 00

¢164600000+ 00
+20000000¢ 00
440000000+ 00
#36000600+201
=+ TAO00000 =01
=a40400000+ 20
+00000000¢ 00

015156043, 01

+11950192¢ 06

Contours

040457582, 01

4905880209 04

+00000000»
s00000000»
00000000
200000000,

72948 764,=01

=y 50900000+ OO0
386200000 01
+36440000¢ 01
153000000 +=01

=012290000¢ 01

«gs24000000¢ 01
«00000000¢ 00

#760000009=01
#38600000+ €O
0447000000 00
014100000+ 00
=9220000000=01
=333700000» 00
400000000+ 00

014136321, 0}

030782875, 06
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Table III

LIST OF SYMBOLS

Notation due

Wotation of

Notation due

computer primerily to computer primarily to
program Miller _program Miller
A a ELIC Distance from center to
5.2 focus of ellipse of chosen
ABSQ a“/b contour in upwind cloud
region
AH a/h
F F=1 if W > 28 KT
AP { ) y Uoy Oy O, O, O F=0 if W < 28 KT
W %50 fer S % % (used to differentiate
ALP23 o, 3 scaling functions)
2
ATLPS a5 G G=1 if W < 9 KT
G=0 if W 2 9 KT
ALPSP aé
H h
A3 By
. . () 15 Ty I, I Ty Igs Ig
. e () Intensities of chosen
Mys, BYS * (0, ) (D, 1) contours
My8, BY8 * (o0, I, 3), (YS, 1) J Intensity of chosen
’ contour Ig 3
* ) P)
Ml2, B12 (X, 1,0, (X, 12,3) G
1023 Ky 3(1) Rz, 3
M3k, B3 * (X, I, 5), (X, I)) ’ ’
3’ 72,3 Lo =L .
123 I, 3
M56) B56 * (Xsi 15): (X6; I6) il
J Dummy variable used as
n
M67, B6T * (x6, 16), (XT"’ 17) i" in I,, ete.
M789, BT8P  (Xqy I.), (Xg Ig) KA Ky,
7 &
CA CA(T) KaA () Ki(l)Aa, hi(l)Aa
CB X, K12 K, 2
CI LIT7 Xk L ) Array containing constants
for sealing functions
D D
IA n a
DFR D!
LARS in a./Rs
EDC Number of contours
studied LAS n a

S
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Notation of

«5h.

Table IIT (Continued)

LIST OF SYMBOLS

Notation due Notation of

Notation due

computer primarily to computer primarily to
program Miller program Miller
TAO 1n a, XC6 T, 9 **
() 1n 1‘; XPRC X'
LI 1n(1.,/1,) XPRS X!
7 9
W In W XX X
M( ) Array containing XXC X
constants for 1/1
scaling functions XYY in 7/
1n (F7/T9)
P Used in equations
involving X' o x982 ) x872
FHI °6’ ¢7 X7 x7 in feet
a
QQ % 3% -3 X8 Xo 40 feet
RS Ry X87 Xg - X
SA SA(I) X9 x9 in feet
S 5(v,) X98 Xg - Xg in feet
v v, /15 YICC Meximum cloud width at
chosen contour
W vw
VW 0 YICS Maximum stem width at
chosen contour
Il
VWSN vw ¥s Ys
W W Yy ¥
X ( ) xl' 21 31 X)_‘_: 5) YOS YZ
X, , X
6 *g7 % 8 Yy, Ya(v.)
1,2 Y815 Yg(15)
3, b z8 2
5
5) 7 ** Zo Z
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Table III (continued)
LIST OF SYMBCLS

Continued
Notation of Notation due Notation of Notation due
computer primarily to computer primarily to
program Miller program Miiler
7.99W INDVELOC ITYMPH v Z99YIELDKT W

w

¥  The slope apd intercept, respectively, for = semi-logarithmic line
through the two points whose coordinates are given.

#¥ The downwind distance (for the chosen intensity) to the fallout pattern
between the points indicated.

T P




TABRIE IV

Dates Table for Ionization Rate Contour Program

fox N %) M{x) for " LIN) M)
f5/b)° 1 0.486 0.262 “ 23 1.371 -0.12k
g 2k 0.980 0.146
12 8/8 2 1.070 0.098
; X, 25 0.270 0.089
1n A 3 3.389 0.431
o 26 -0.176 0.022
kR, L 2.319 0.333 ”
¥ Qg 27 0.030 0.036
" 5 3.820 0.k4ks
* 6 Lk .226 0.164 aT 28 0.0k3 0.141
Gy g 7 -0.509 0.076 g 29 0.185 0.151
1n & 8 2.880 0.348 KSA 30 -3.286 ~0.298
= _ S5ty 31 -2.889 ~0.572
. _9 ; 308 o.f96 )
1 10 5.564 0.319 Ké‘i 32 ~3.185 -0.406
5o 33
! ~0.05% .
Qb 1 % 0.0% ~ 34 -1.13k =0.074
X 12 3.850 0.481 e 35 -1.225% -N.022
- 6 13 k.pss5 0.200 . 8
x = 3 -0.989 ~0.037
= ¥ 14 3.862 0.586 KTAu 37 -1.079 ~0.020
7 15 L, 265 0.305 _
Kgga 28 -2.166 -0.552
X 16 hoos 0.596 . _ .
S O - S
X 18 5.190 0.319 |
9 19 5,202 0.311 KLE ié -2.288 -0.Lok
5 . -2, -.337
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variable, for example, H (height of cloud), the program determines which
formula should be used. The equation for H appears on line 0613 of the
contour program.

The following chain is then started

H = FF (5 + F, W) line 0613
FF(N, W) = BEXP(IFF(N, W)) line OL5L
IFF(N, W) = 2.3025851 L(N) + Iv - M(N) line OL67

The program then finds for W < 28 XT that F = 0 since
W greater 28 is false and F is a Boolean variable. Therefore for N = 35,
one finds in the Table IV that L(5) = 3.820 and M(5) = O0.445, The

complete equation of H for W < 28 KT is

H = expl[(2.3025851)(3.820) + log W 0.44571 (59)

log H = (2.3025851)(3.820) = log W 0.44s5 {59a)
or

log)H = 3.820 + 0.h45 log W. {59)

The variation of X2 and X, with wind speed depends on the wind modified

3

parameter O, 5 (1ines 0713, O717). The equations for X, and X, are then
>

1
2.303 log I
=5 - T =2 (60)
1,2

V. (Z aV. - 86.36)
Xu - W o 4w \,613

(L + 9.273 x 1o'homvw)
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au( o2 - 1900)

X = G+ 0.020 (61a)

for 15 mph wind velocity.
The equations for the distances X through X, (line 0995) are

given by

Fori = 6,7, 8and 9
x, = 6.60x 110%™ q, W = 140287 (62)
X, = 1.68 x 1ol*wo‘164 @, W = 28 t0 107 KT (62a)

The above equsticns zleco hold for X, when (. is greater than a/h. When

5 5

as is lese than or equal to a/h, then X5 is determined by
x5 = 6.60 x 1o3wo'hu5aé -1.40 x 1o3wo'3°°-/ 3.06w°'262 + aég ;W =1to28 KT (63)
or
X. = 1.68 x 1onwo'l6aaé - 1.40 x lo3wo.3oo./ 3.o6wo'262 + aég ; W=28 to 107 XT [63a,
Vi
wext the intensities Il, Ih’ and I9 are set equal to 13—555 .

The equations for I., I., and I, are on lines 0951 through 0961. Ig is
-

)

7

Adetermined from a semi-logarithmic line between (X

7 17) and {

X, I
9’ 79
with the value ot X8 as previously calculated.

After Xl through X9

tfound, & graph can then be drewn of the intensity profiles or elevations.

and their corresponding intensities have been

A plot of LoglOIX(l) against distance X for a 10 MT weapon is given in

Figure 4. For any set of intensities the intersection (downwind distance X)

of the contour ellipses with v = O can be read off the graph.
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In the computer program semilog equations were found for the
Intensity vs. Distance curve so that any pre-selected intensity contour
intervals were included in the computer printout.

Next, to find the lateral locatlons or width of the contour
patterns for the stem, the helf width YS for the stem fallout i1s needed.
YS is defined ac the lateral distance from the center-line of the stem
pattern to the 1r/hr at 1 hr (for 15 mph wind) contour (lines 1216-1220).

A semilogerithmic line from (T Y =0) to (1, YS) is then calculated

2,3’
on line 1315. Using this equation the lateral displacement of any intensity
contour of the stem can be found.

The maximum pattern helf width for the cloud, YS’ is the maximum
distance from Y = O to the 1r/hr at 1 hr contour when the wind veloeity
is 15 mph. The calculation of Y8 with its variation due to wind speed
occurs on lines 1054 to 1092.

Tc find the lateral displacements of the contour locations

between (X_, 0) and (x8, YB) a semilogarithic line from (17, Y = 0) to

(1, D= Eaz + (x8 - x,()e) is calculated. In lines 1236 through 1347
the X + Y and foci are then found for the ellipses. Using the information
in the computer printout an iomization rate contour map can be drawn.
{Figure 6).

B. PFractionation Numbers

l. PFirst period of condensation

For a ground surface burst, the retio of the total moles of
liquid carrier to the molar volume n(£)/V is computed by Equations (32) and

(33) with W

10 MT or 10,000 KT, and T = 1673°K, They yield

t 53 sec

(o(£)/VIRT = 3.25 x lO'2 atm.

v s g e ¥
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For & typical element Sr-89, the procedure of finding its fractionation
number of first period of condensation r0(89) is given below:

Decay chain of Sr-89:

88.2% - Kr—s= Rb——a=Sr

Nt
n + Kr8§-->- Rb88

Hdere a neutron-emitter is involved. Fut the Bolles and Rallow

5¢€ - Br

da*ta have already included this effect, hence no alteration needs to be put

%; on the number of atoms N(A, t) in their work. Moreover, the values cslculated

‘; by them asccording to Glendenin theory are generally considered to be umore

gi reliable and also used in the following calculations.

% Se Br Xr Rt S

6 . 413

£ k; =D 1.01 x 10 1.0k 0.605 4.6l x 10

o k, 7 u -

] = 5 22, . i oA=L
kj NE)/VIRT 3.108 x 10 32.00 8.6 1.418 x 10

4 *

N A, t) - 0.21 309 o 3
SNCA, 15 - 0.2l 309.21 ho03.21 Lo6.21

9 VA, t) . -3 . |

e - _-\A-_L.__ - 2 Y H

3 T 6.363 x 10 0 L.791 3

32 J

Z l:\LH@’kt) - 6.363 x 10'3 (2) €363 L.797 7.797

3 J

: r (89) - 0.0%03 0 0.0119 0.01919

dove: data unlisted, usually negligible
The r0\89) for Br, Kr, Fb are the by-products.

#. Second period of condensation

The fractionation numter of secornd period »f condensation ré LA, £

depends very muach on the time and the ¢lements involved in the decay chain.
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When the time 1is small, the sublimation pressures of most
PV
elements are still quite significant, and the values of ﬁ%— are usually

greater than those of 0.23 BWY In the second period of condensation

Q
,j.

a  portion of each such element rvemsins in the vapor phase. Therefore,

in computing, the ratio of these two values should Le seb equal to unity.

As time increases, the sublimation pressures of sil elements except the
rare geses and As and Se, decrease sharply and soon become negligible.
Therefore, the second period fractionstion number for a mass chein not

involving the rare gases and As and Se wlll be greatly simplified:

T (4, t) = 1 - ro(A, t). (64)
Four typical examples are given below:
(a; 10 MT ground surface burst, 60 sec after burst, Kr (83).
Decay chain:
Se
Ge——a-As’ l\Br—b-Kr
se”
2
This 3involves & split chain, but the Bolles and Ballou da*a also have
taken this effect into account.
Ge As Sel Br Kr
r (83) _ ) 0 o) 0.0066 0.0066
1~ro e 1 1 1 0.9934 0.9934
N{83.60) —_ 0.13 21.80 16.80 12.30

N —_ 0.13 21.93 16.93 51.03 51.03
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IN° - 0.13 21.93 16.93 50.93 50.93
Pj (2)8216 (9)3578 34.53 34,53 0.2086
v v 4 bk l b b b
f; am x 10 T.41 T.41 T.41 T.41 T.4l T.41
%%1 - ] 1 1 0.9980 0.9980
r'(83) — 0 0 0 o%* 0

* Note: ré(A, t) can not be a negative value, hence the smallest is zero.

(b) 10 MT ground surface burst, 1.47 min after burst,Sr(¥)(90).

Decay chain:

Br———w=Kr Rb - o1 Y
Br Xr Rb Sr v
ro(90) — 0 0.036 0.1378 0.1378
l-ro —_ 1 0.964 0.8622 0.8622
N(390,88) —_ 67 338 106 0
N — 67 Lo5 511 511
N”=(l~rO)N — 67 325.8 91.4 0
" — 67 392.8 392.8 39.8
Py (4)3050 ® (6)4338 0 0
v 8 .

O_.E_:’Wﬁ x 10 1.92 1.92 1.92 1.92 1.92
Zl\rn 6 8 ra

S — 1 0.969 0.7686 0.7686

ré(90) —_ 0 C 0.0936 0.0936
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(c.) 10 MI' ground surface burst, 1.47 min after burst, Ge(75),

Decgy chain:

Cu—~—— Zn Ge CGe
Cu Zn CGa Ge
ro('("5) — 1 1 0.6716
L-r — 0 0 0.3284
n(75,88) _— (312 0.0459 0.0536
N -—_ (3)12 0.0460 0.0996
NOs(Lar )N —_ 0 0 0.0176
F, — 0 0 (11)2288
¥ 8 N
m x 10 1.92 1.62 l.92 .92
v J* — (3)4268
Vp,N©
L TETT — 0 0 0.0018
J .23 =3
r(')(_"(S) —_ 0 0 0.3266

¥ Note: In computing Yj, the individual mass number dependent conversion

factor a(A) for U235 to U238 should be multiplied to each radionuclide.

'.fj = ZAa(A)N(A, t). a{A) can be calculated from Table I

(d.) 10 MT ground surface burst, 6.77 min after burst, Sr(89).Decay chain

vas shown in Section (a.)

Se Br Kr Rb Sr
rO{89 ) — 0.0303 0 0.0119 0.0192
l-r -— 0.9697 1 0.9881 0.9808

o]
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N(8y,406) - — 8l 267 56

N —_ — 8l 351 L7

N"e(1-x )N — —_ 8l

" 8l ’ 8l 8k
0 d

pj (o5

IN" IN 1 0.2393% 0.2064

ro(89) —_ —_ 0 0.7:88 0.780k

3. Gross Fractionation Number

The gross fractionation number, Ty, OF T, is derined ty Equation (47).
ig fg {t), in thiz formuis ave defined by
Equations (45) and (46) respectively. The computations are straightforvard,

The two ionization rates, P(t) and i
though tedious, once the values of the fractionation numbers, disintegration
multipliers and activitiec are known. The variations in the ionirzaticn rates
of normsl fission products with time, or simply the desczay of normal fiesion
products, for T-235, J-238 and Fu-239 have been calculated and are tabulated
in Teble V. From this table, the normal ionization rate of 7-238 at X + 1

hour can be interpolated and obtained as
. -13 . NG e . 65y
1fp(1) = 6.973 x 10 ‘r/hr at 1 br) / ifissionfeg. ft. {65}

For a 10 MT surface burst, the condensed lonization rates tor four difierent
fireball. rising times have been computed &nd are listed with the valies of

gross fractionation numbers computed lrom them:

t if;\l) xx(t,
53 sec 2.L08 x 10753 0.368




66

60 sec 3.255 x 10713 0.467
1.47 min 3.873 x 10713 0.554
2.15 min 5.029 x 10°+3 0.721

Since the fireball rising time, t, 1s related to the particle size para-
meter, &, by Equation (12), rX(t) is also a function of Q, sometimes
denoted as ra(t).

C. Activity-Concentration Intensity Ratio

With Bquations (47) and (48), the activity concentration intensity
ratio for any isotope at sny downwind location can be readily computed. The
values of the ratio for six biologically important isotopes in a 10 MT

surface burst are calculated and shown in Table VI.
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TABLE V

Decay of Normal Fission Products from U-235, U-238 and Pu-239
(x/br st 3 £t above an infinite plane for 10T fissions per sg. ft.)

Age U~235 U~238 Pu-239
Years Days Hours Thermal Fission (8 Mev) Thermal Fission
{ %
0.763 89977 (8)990  (8)9329 (8)8%07  (8)8750
1.12 (8)6648 (8)6632 (8)é172 (8)5866 (835761
1.6 (agu1u9 (8)4153  (8)3827 (8)3592  (8)3537
2.40 (8)2khs3 (8)2L8L (8;2256 (8)2071 (8)2065
3.52 (8)1k410 (8;1u5o (8)1303 (8;1166 (8;1196
5.16 (9)8019  (9)8k18  (9)71582 (9)66h2  (9)7098
7.56 (9)786  (9)501k  (9)4587 (9)3986  (9)h398
11.1 (9)296k  (9)309k  (9)2897 (9)2555  (9)edal
16.2 (9)180k (9)1869 (9)1792 (9)1626 (9)1761
23.8 (1og9716 (9)109k  (9)1073 (9)1010 (9)1063
1.45  34.8 (10)6305 (10)6é428  (10)6393 (10)6235  (10)6360
2.13 51.1 (10)3730  (10)3786 (10)3B17 (10)3869  (10)3811

a 3.2 4.9 (10)2276  (10)2319  (10)2365 (10)2470  (10)2362
5 L.57 (10)1483  (10)152hF  (10)1556 (10)1645  (20)1546
b 6.70 (119986  (10)1031  (10)1039 (10)1099  (10)1021
4 9.82 (11)677%  (11)6972  (11)6899 (11) 72k (11)6655
E 1.0 (11)4490  (11)4s587 (11;&&62 (11)4650  (12)k226
. | 21.1 (11)2910 (11)29%0  (11)2845 (11)2953  (11)2660
g 30.9 (11)1813 (11)1807 (11)17€2 (11)1837  (11)1645
b 4s5.3 (11)1061  (11)1039  (11)1034 (11)1002  (12)9777
A 66.4 (12)6055 (12)5807 (12)5910 (12)6360 (12)5728
: 97.3 (12)3676  (12)3497  (12)3559 (12)3896  (12)3543
143 (12)2170  (12)2090 (12)2079 (12)2320 (12)2200
. 208 (12)119h  (12)116% (12)1133 (12)1287 (12)1180
301 (13)u87%  (13)h790  (13)4733 (13)5707  (13)5170
1.2 k38 (13)1399  (13)1373  (13)1525 (13)2135 (13)186M4
1.78 €50 (14)3884  (14)3758  (14)55L17 (14)9083  (1k)7690
2.60 (14)2031  (14)1975  (14)3160 (14 )uo6L (1ug4352
3.80 (14 )kl (14)1k32 (1b)2213 (1h)2692  (1k4)2594
5.58 (14)11sh (14)1158 (1h4)1603 (1%)1kke  (2b)r611
8.18 (14)1026  (14)1020 (14)1291 (15)9971  (1k)iees
12.0 (15)9432  (15)9293 (14 )1094 (15)8452  (14)1057
17.6 (1508310  (15)8211  (15)9164 (15)7377  (15)91C0
25.7 (15)7183  (15)6987  (15)743L (15)6219  (15)7668

€

Numbers in parentheses indicate the number of zeros between the decimal point
and the first significant figure.
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D, Particle Size Distribution

There is slmost no data availeble on particle size distribution,
nor has any rigorous theoretical approach been made. However, using the scaling
functions of the previously discussed simplifled fallout model, esbtimates
can be made of the particle size groups that fall at any downwind location.
Given the fall velocity and the initisl altitude, the size of
gpherical particles falling through a standard atmosphere can be found

in curves prepared by D. E. Clark.(ll)

At eny downwind distence X the
first information needed is the meaximum and mimimum & size for the particle
groups arriving at that location. Because the formulae for « and & ,
max min
depend on whether the & group descends from the stem or the cloud, it was
decided that the X-coordinate intersection of the logarithmic line conmecting
(X3, 13) to (Xh’ Ih) (point 3 to point 4 in Figure 4) with the logarithmic

line from (xs, I.) to (x6, 16) - extended if necessary - would be the

)
division mark. For any downwind distance less than this intersection X
coordinate, the source of the particle group is assumed to be the stem.
Then « and & .  for the stem may be solved by graphical methods or

mex min
by the following computer approach. Essentially a Newton-Raphson iterative
procedure is performed on the following function +to find separately

x and ¢
max

min’
V. P V. p
k(az - K—:-) a(z_a - )
fla) = Vg - e x - 7T+ log e, (66)
2.303(a + Ezw_ o+ k—w-
A
where

ka is the exponential constant for the fireball major axis expansion,

Zo is a yleld dependent multiplier,
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is an empirical inverse time constant, 0.011 sec'l,

is the wind wvelocity, usually assigned to be 10 mph,

== o

P is the constant in the empirical formula of VZ,/V , 0.95 wvhen
Z = 5,000 to 50,00C ft., 4 = 200 to 1,200 microns,

q is the constent in the empirical formula of Vzlvf’ 1.02 x 107
wher 2 = 5,000 to 50,000 ft., d - 200 to 1,200 microns, and

ao is the major semi-axis of the fireball at ground zeroc.

The iterative procedure is

@, = initial estimate (67)

% 4y = % - £la) (68)
)

If the sequence of Q's approach a limit, then this @ is such that f(a) = 0;
or 0 1s approximately equal to Oﬁax or ahin depending on the sign of the
number enclosed in the absolute value symbol of Equation (56).

When the downwind distance is greater than or equal to the X
intersection coordinate, it is assumed that the fallout originates from
the cloud. For particle groups falling within the cloud area at any (X, Y)

location, the maximum and minimum @ values can be calculated by:

a = X i‘l X?ba(l - yE/aB) +mgi&2 -412) B - b2(1 igye/af) (69)
m h2 - .bc (l . y2/a2)

where Y is translatzd to y by Equation (57).

<3

For any @ value, the fall-rate is given by V_ = Ll

Pl The height of fall

for the stem fallout is

. (zoa k, - pr)
z = ak +Vgq (70)
2 W




For the particle groups that originate from the cloud the maximun and

minimum height of fall is given by

(X - oh)b® ¢ abj (82 + F2)(1 - y/6°) - (X ~ an)°

z =
a? +C€b2

Using this information calculated in the particle size parameter program,
Figure 7, and a set of curves prepared by D. B, Clark, see Figure 8, the
approximate particle size distribution at (X, ¥) can be estimated.

For a 10 MT detonation, and for various downwind distances the
maximum and minimum &; the falling velocity, Vf; the initial altitude Z

and particle diameter u are given in Table VII.

Recent work by Clark and Cobbin(lg) is closely related to the

subject of this report. These authors used the same fallout wodel &as
described hereiu for the caleulation of particle size and radistion
intensity at varying distances from ground zero. The results obtained

are in good agreement with those herewith reported for weapons of similar

yield.

{71



-T2-
Figure 7. Computer Program for Partirle Rize Parameters
0200 ___PBAC~220 STARDARD VERSION _ 2/1/62 R ~
0200 COMMENT PARTICLE SIZE BY Re Eo JAMES FCR A = 633 » %
0202 2C % 355634872 5 LAQ * 745940580 5 KA = 541166706%¥=5 P35 =1
0204 W = 500040 ® XINT = 1240 T S
0210 KZ » Da011 P vw x 22 L P o= De%F 3 C o= 1eQZixm=d B
0218 XINT = xINT(5280} e ______"___‘-3 .
_.gazy AT 12e45%43 wh0ea3] U
0227 B 3 (le40*u31y¥0s300 >
o2y ARSO = A 4 (BeBY L S
__G2a3 XX=K b H=leBnpwiQelbs 3 LGE=g _ [
0252 SUBROQUTINE EM 3  SEGIN INTEGER  EM2 s
CEET S EMA = AM 4 0,02
_GLas1 (27 o AM = 19001 7 FuA
0263 EMC = AM & EMAR = XX
028 EMD = SIGN(EMC)
p2rs EME = (KA{Co02 Z0 + 19001/3NA +
0287 /{XXe EFA = (J0,AM=19001A. )) /7 E'n 5
L o EME = KA o IMB = LOGUARSUENC)) + wh0 . 2
Lesls FMG = AN = EME / EME e e e L3
0320 AM = (EWG + AB% [ EMG ) ) s 7 5
@32 e RETUR: .. EnD . £
0387 FOR XX T (3459501 97591C001535420893009400C /10 3 ~
0360 BEGIN  wRITZ(ESEIK) L FORMay Z1k(y} $ o
03Ty XX x 228 XX H
0373 EITHFR IF XX LSS XINT I T REGIN i I
0382 FOR Al = XX/300QCed » ELG=EYDI0sS + w/1000040) $
0395 BEGIN  ENTER EM o T s
gso0 UNTIL ABS{EMF/ENC) LSS De0CC1 = - R
_pell 2= (Z00AMeKZ = YuaP)/{AMeK? + yrel) . i
V420 L HRI_‘(E’J!E}'-_Q@_?{P) - - . _ NG END . o B
_Ja39 OTHERWISE S BEGIN
o430 HB = HoH = ReB & —
Qus? FOR EMD = 19-1 ) % BEGIN
owes AM w(Hoxx + EMDMSORYIKXOXXoZeR ¢ RefeM-d)pwt S ..
. QAR 2= Wt AMIXX=AMeH20A/lAnA * AledNaBaBl o ___ 2.
0500 WRITE(SSEMDYEMP) END END 3
._0509 AX = XX _/ 5280
_0%16  QUTPUT EMO(FIX[XX/526C)s 41544561 =
0542 FORMAT EMP(110»B548593x1606sw2) 5

0549 FINISH 3
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Table VII

Particle Size Distribution at Various Downwind Distances for 5 MT Weapon Yield

V(rtfeec) z(re) ale)
B A (UL SRR Y ¥ £ LY & S TV Z08ET8 " I3SRETITIoON |y
% ARTH .AMW“—IE"
10 AMAX, 24039098 104789082 342914025000 10
10 AMIN 14100357 194993500 332230220000 2]
TETTTTT RMAX T TeT6iF3e T EPS I A -1 X PR P UL A | .
TS T KT~ 7777 e 2SI T SETIOEIOE T a5 T T8B 00T -—
20 AMAX _ 34208437 6e856921 58629 ¢982009 ey
20 AM N «137163 160418230 663734672000 ad®
rtl AMEX EXCLY£21] 5 00T1LT BT118e95 3000 155
TS T AMIN ™ 519660 Ry 3ISITZ  TTTETES RO TONO T T T T IR0
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I - S APAR ~ 77777 EySFOTIY——"77TT &aT92305 T T TSETE YL EENO0D T T T T i85
—35 —KWIN T+ 265158 TToI96T%3 TI0E T+ 510000 R0
40 AMAX 50062976 4365270 555114772000 j45
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TS UUTUUCAMAR TS LSRTEIT T T TUTTINSI0356 0 TTS4934.6 73006 T T8
55 TUAMIN TTTTTT 14986064 T T 114074555 14123428000 TS
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Ts AMIN 77T T ThLov2027 " 54429380  78805.392000 TTie
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100 AMIN 34701601 34858565 810054 32500C .
150 AMAX 150185545 19359237 50736+ 047000 &1
150 AMIN 84906307 24470129 833674650000 ©
Iee T 1.1 it FACLILEE L Ittt TI0Z78I9 " TS ORIESEYEOTO T T Tgg T
IO T 1o} £ TZa051466 " ~"7777 TeB2550T " "8RIBG, TEEOD0 "~ TR
300 AMAX 314911227 2689417 501354602000 Y
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IV. INDUCED RADICACTIVITY IN SOLLS

Elements can be made radioactive by the sction of thermal neutrons
which exncite the stable atom meking it unstable and radicactive, A5 thermal
neutrons are liberated in & nuclear explosion, there will be some induced
radioactivity in the soil around the detonation site. A small portion of
this soil will be taken up into the fireball of the bomb (for a ground burst
or near ground burst) and become part of the tctal fallout.

(13)

A..W. Klemenu in his report concerning the potential radiocnuclides

produced in weapons detonations, lists the activities of the various nuclides

that are induced in the soil. A total of 1026 neutrons per KT was assumed o

be liberated, which agrees within a factor of 15 with that of 1.5 x 1027

neutrons per KI' calculated from Glasstone(lh). The composition of the soil
that was used for these calculations is given in Table VIII.

Figure 9 .gives the decay of the induced radioactivity in soil. The
data was obtained by taking the contributions of the various nuclides given
in Table IX and summing them for the various times after detonation up to one
year,

Pigure 10 , "Integrated Neutron Flux as a Function of the Slant
Range in Air of 0.9 Sea-level Density for a 1-Kiloton Explosion" shows the
neutron flux versus distance for a 1 KT bemb. These curves, as given by

14)

Glasstone( , were integrated over an area with a 2,500 yard radius and
were used to correlate Klement's vaiucs.

Senftle and Champion(ls) give a detailed discucssion concerrning
induced radioactivity. A method for calculating the induced radiocactivity
involving tables and formulas is also given. This method was used to prepare
the data in Table X in orxder to correlate the data given by Klement<13)

and shown in Table IX.
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TABLE vIII

Compozition of the (NIS) Soil Assumed

Ctement. ¥ ty weight Elemen?y % by weight ’

El 1.00 g1 28.40
e 0.80 T 0.10
50,16 K 2.50
ta 1.60 Ca 5.70
Mg, 0.80 Ti 0.20

Al 6.80 M 0.04

Dannity: 118 gm/cu.c

(
8
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TABLE IX

Radiocactivity in Soils (Mc/MT)

Nuclide
0 1 hr 1 day 1 month 1 year

Ne2* 1620 1430 542 8 e
g™ 584 7.05 a

m?® 83,870 15.9 a

s13% 991 773 1.78 a

P 1.21 1.2l 1.15 n.276 &
g0 &

" 204.5 194 50,0 a

Cahs 0.300 0.300 0.300 0.263 0.057
ce*? 1100 135 a

712t 156 0.0015 a

>0 2122 1655 3.82 8

Fe”? 0.110 0.110 0.110 0.10k4 0.087
Feo? 0.01k4 0.01k4 0.01L4 0.0095 0.00006

a = less than one curie per megaton

The formula for the radiocactivity induced in any element as given

by Senttle and Champion(IS) is:
-0.693 t/T\, -0.6 9//(P
A, = (o mk)(L - ¢70-693 ¥/T)(0.693 ) (72)
where
A = activity, in disintegrations per second, after the nuclide

has been removed from the flux for a period @
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3 Table X
- caleulated Activities of Various Nuclides in Soil(a)
et o)
Nuclide Tnduced Activity, ym
Naeu 24,800
_ e~ | 11,100
3 n?® 1,250,000
g3t 12,300
P 18
4o
X 3,350
Ca.hs h.67
- ca’? 16,400
' 37t 4,730
_ 107 36,200
1 Fe”’ 0.580
Fe”” 0.665
: (a) Assumes NTS soil
(v) At one minute after detonation; decay time equals zero
-3
|
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ag = activation cross section in sguare centimeters for

2200 m/éec. neutrons;

T = thermal flux in neutrons per square centimeter per
second;

N = the total number of atoms of the element in the target;

k = relative abundance of the isotope from which the

radionuclide is formed;

t = time of irradiation;
2] = time of decay;
T = half-life of the radionuclide formed.

The product (o fNk) in Equation (72) has been calculated for a flux
of lO12 neutrons/sq.cm-sec and for the number of atoms in 1 g of the target
element. The values, designated AS, are listed for each element by Senftle

and Champion(IS).

The values for As can be corrected to any neutron flux
and weight of target element by multiplying by a suitable factor of propor-

tionality. The corrected value of AS is given by:

W
Ay = =1a (73)
S 1012 ]
where W is the weight of the element in the sample, and
T is the neutron flux.

The formuls used in the calculations was:

A, = AL(L- ,=0-693 t/T ) (70693 Q/T) (74)

taking t = 1 min and e = 0.
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As a specisal case, where t is known to be less than 15% of T,

& further gimplified formula was used.

A, = A (0.293) (6-0.693 O/T)

t (75)

Values used for AS obtained by Senftle and Champion(15) are listed

below:
w2t - 1.39 x 1080 et - 1.8 x 108
M . 1.3 x 10° ca?® . 2.5 x 107
A128 - 4,79 x 10 ot . 9.01 x 107
si9l - 6.7h x 107 wn?® - 1.39 x 10
PSQ - 3.69 x 109 Fe55 - L.56 x lO8
Khe - 1.02 x 107 re’? . 2.26 x 10"

In calculating the data of Table X , a neutron flux of 0.91 x 1016
neutrons/sq cm per megaton was assumed. The total weight of the soil involvad
was taken as 5.92 % lOll grams. This value wos calculated using a 2500 yd
radius, a l-ft depth, an average density of 1.18 gm/cu em, and with a scil
composition as that given in Table VIIL. The irradiation time (t) was taken
as one ninute,

The data presented in Teble X agree reasonablv well with the
data presented by Klemer: ‘n Table 1I4. Tris agreement is within an expected
factor o: 1% @< the nentron flux used was a factor of 1% higher than that
assumed by Klement.

16)

Manieville( states that thr rsdiocactivity of the fission produats

irom a auclear explosion overshadows the induced radioactivity by a factor of
a3

approximately 10°. Even though this tonds tc make the contribution of the

induced radicactivity almost negligible there are conditions under which the
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induced radiocactivity might play a detectable part. The induced nuclides
that form soluble salts will be readily dissolved in both surface and
ground water and therefore will add to the contamination of the water
supply.

It has been generally recognized that the activating neutrons
will penetrate the soil before the blast wave arrives. Some of the
activated snil will then be taken up into the cloud due to the cratering
effect and thereby becomes part of the total fallout. According to
Dr. C. F. Miller (“> the induced activity in the soil will be atout
0,019 (1.9 per cent) of the icn'uation rate due to normel fission [ifp(t)].
This Jraction will be a small percentagz oi the total ionization rate.
This esrtimate o the induced activisy is applicahle for a 100% fission
yield, assuming 0.3 neutron capture rer fission from U-238, regardless
of weapon size.

It has also become establiched that the <induced activity will
pradominate fzr a total fuslow bomb. For a 50% fusion and 50% fission
bomt . the induced =netivity wilil be relativelv _mall!, except for a short
perind immeciately afi=r detcnation  However, activeted sodium and
magesium w3y contridute materially at o later time(l?>.

It is therefore conciuded thet the contribution of nduced
radiouc.ivity to the contumination of water siuppiies will not be signi-

Ticant.
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V. TRANSPORT OF FALLOUT PARTICLES BY SURFACE WATER

Transport of the insoluble portion of fallout may be divided
into four general phases: sransport in air, transport in overland flow,
transport in stream flow and transport in reccrvcivs. BEach of the four
phases may be treated as a separate tipic. Of the latter three, only
transport by stream flow has been conaidered in any detail; overland
transport and reservoir transport are mentioned only briefly. Traunsport
in air is discussed in Seection II of this report.

There are three major limitetions on any stream-flow transport
analysis. These are: (1) the complex nature of sediment behavior in
streams; (2) the paucity of date concerming fallout, especially dsta
concerning particle size distribution or the relation of radicactivity
to particle size; and (3) the obvious impossibility of obtaining stream-
flow data for every reach of stream. These limitations precluded an
analysis of the quantity of sediment resulting from the fallout of a
given burst, although work on the quantity of fallout is now being done.
It could not be determined that a certain weight of sediment would fall
on a water surface or what the particle size distribution would be.

Computations are available, however, from Glasstone(lu) and
the OCD fallout model which gives certasin relationships between particle
sizes, downwind distance carried, and total activity.

Glasstone shows that 99 per cent of the total activity of
fallout 1s carried by particles of 400 microns or less in diameter.

This relation of particle size to total activity was derived from
Figure 9.187 of Glasstone's bobkﬂlu) and is shown as Figure 11 of this
report. The method contained in this section is based on this relation-

ship.

FRECEVING PAGE BLANK-NOT F1LMEI



Ty

T e ST A SO R v R

-86-

Particles of 4CO micron dismeter are on the order of maguitude
of normal stream scediment. This means that the particles carrying
essentislly a&ll the activity will remain ir suspension, or at least
will not settle out immediately. It follows that most of the fallout
particles which land on the water surface or find thelr way into the
stream from overland transport will be carried by the stream and will
present & hazard at some distance downstream.

A relstionship of particle size versus downwind distance
carried was computed in Section IT of this report. (Table VII). Date
from that tmble has been plotted in this section as Figure 12.

ihe feollowing general assumptions were made:

(1) vUpteke by biological organisms is negligible.

(2) The stream chemistry is not such as to dissolve crdinarily
izsoluble particles.

{3) Effect of flocculation on settling rates is negligible.

(L) Weapon size (SMT), wind speed (15mph), and fallout pattern

ere used Lo correspond with other sections of this report.

(5) Radioactivity of perticles over 500 microns may be ignored.

Further zzsumptions are made and discussed in the text. Some
of the:e assumptions depend on the nature of & especific stream, some
require further investigation, and some which are considered negligible
in an spproximate analysis mey assume a proportionally greater importance
in o more detailed computation.

An estimate must be made of stream width, volume, and surface
grta. This may bte done by ejuating the cross-sectional ares of the

Ftream (u% & gaging :tation) to & rectangle of equivalent area whose length
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is equal to the stream width, This is shown in Figure 13. The length
of the stream between any two sections is considered to be a straight
line equal to the distance along the stream channel between the two
sections. Each section of the stream may then be considered to be a
truncated pyremid lying on its side with its bases the equivalent rec-
tengles. (Or for the section containing the source, a complete pyramid,
since the source is considered to be a point.) Concentrations may be
found using the vnlume of the pyramids.(lB)
Intensity (roentgen/hour) contours for a given burst are super-
imposed on the watershed., The intensities may then be converted to activities

(atoms/sq. ft.) for insoluble (and soluble) portions of the various isotopes

under consideration by use of Table VI. Details of thls method are

discussed on page 95 through page 98 of this report.

If falloubt lending on the water surface is assumed to mix uniformly
within the reacn of channel enclosed by a given contour, an activity con-
centration may be computed using the idealized channel shape. This concen-

tration will move downstream as a unit, and the time of arrivael and time of

lapse of this concentration mey be found at a point downstream by considering
| the particles to move at mean stream velocity.
By plotting the various concentrations from units under given
intensity contours as ordinate against time as abcissa, a series of herizontal

-i bars is obtained. These may be averaged graphically to obtain & time-
concentration curve for the stream. Note that concentration ig expressed
as activity rather than particle concentration.

By use of Figure 12 a maximum particle size at a given point

downwind from the blast may be found. The maximum gize particle landirng




2 = channel length batween sections
w = stream width = length of equivalent rectangle
Ay = area of equivalent rectangle
A, = area of stream cross-section {from gaging-station data)
Ay = areaof water surface between sections
Ap = A,
Aws - W, + Wz) p
2
v (Mithey,
2

FPigure 13. Idealized Stream Section
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on the stream reach under consideration is compared to the muximum particle
size which the stream will carry in suspension. If the maximum size purticle
is carri=d then it ig to be assumed that smaller particles will also be
carried, and the method remains valid.

If the stream will not carry the meximum size particle, then
some percentage of the sctivity must be regarded as going into bed load,
which travels at a much slower rate. The only way now available to find
the proportion of activity which would go into bed load is by assuming
that if particles of a given size are found to settle, that all particles
of this size or larger will settle out, and all smaller particles remain
in suspension. The relationship of particle size to activity given by
Glasstone(lh) may then be used to find what percentage of the total activity
would settle out with the larger particles.

The ability of a stream to carry particles of a given size or
smaller is best defined ~y what may be termed the effective carrying
velocity of the stream, i.e. that velocity below which settling of particles
of & given size is most likely to occur. The effective carrying velocity
is obviously not related to the ldealized stream channel used to compute
concentrations, but is rather a function of both channel characteristics
(actual channel width and depth) and flow, as well as particle size and
sediment distribution. Stream flow data, no matter how accurate or com-
prehensive, cannot cover every mile of channel. Conditions which will
produce the greatest possibility of settling must therefore be generaliza-
tions of what is known of the nature of an individual stream.

Particle size distribution in air is, unfortunately, not known,

except for maximum and minimum distance which & particle of given size will

travel. There is no way at present to compute the number of particles
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per usit ares landing or the watershed. Sediment concentratiorns cannot,
therefore, be computéd. Thig is the reason for ~omputing concent:ation
in terms of wctivity. Adlitioral fallo:t dats, particularly on particle
dicbvibution, and sdditional study on sedimernt corcentrations are needed
to support. the assumptions that the fallout particies mix uwiitormly,
that particles will go out of suspension according to size, and that
particles move downstream at mesn stream veloclity.

in order to approximate zctual stream corditions, close scrutiny
of maps and existing stream-flow records will be required. Iarge-scale
*opographical maps should yield much informstion orn channel conditions
and ztream-bed slopes. The U, S. Geological Surveys and Corps of Engineers
pablish or have on fiie not only gaging-station records but much special
messirement datsa.

No anslyzis has been made for transeport resulting from overland
Tlow. Felioub landing on the land portion of the waterched is considered
legs of sn Immediate problem than that landing on the water surface,
and will prob=bly precsert no immediate problem unlese it is raining
at time of faliout arrival. (In which case, incidentally, the fallout
mzy be intensified.} Subsequent rain mey produce & second activity
peak at @ water intake by washing particles into the stream. [t is of
interast Lo note that at Coweets Hydrologic Iaboratory it was fouind that
much of the runof'f which was rormerly considered to fliow overland actually
gee: under the surfuce, or sltzrnetes between sub-:zurface and above-surface
Flow. Ir work with radioactive trucers at Coweeta, grest difficulty was

eyperienced in r1inding & tracer which would follow the water at the same

Y

E
1

cpeed ag the w

"y

« Morh of the isntopes used at Coweeta tended to stay

o

rear the poin’ where they were applied. These ctulics were carried ouh
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on steep slopes on which there was a higher percentage of surface runoff
than on the same soil at a lesser slope; however, the isotopes used were
not absorbed within particles.(lg)

Particles which go into bved load may present o long term hazard
vecause of the slower and more irregular movement of bed load. A bed
load analysis will e required if it is found that large particles, in
spite of their possession of only & small percentage of the total activity,
are found to actually carry a dangerous amount of activity. The smaller
the particle size that is found to settle, the more significant becones
the bed load analysis. Note that such a bed-load analysis complements
assumption 5 on page 86.

Transport in reservoirs is more likely to produce settling
because reservoirs are more likely to approach guiescent conditions.
Calculations will probably be simplified because the conditions of reser-
voir transport more closely approaches the condition of settling in s
quiescent basin than do the other phases of the transport problem.

This method was presented not only because it is the one most

likely at present to produce usable results, but because it provides an
outline of the problem of stream transport. Assumpbtions, questions as
to their validity, and areas requiring further study have been pointed
out. Computations have not been included becguse it is wished to ascer-
tain the validity of some of the assumptions, and because sufficient
gtudy has not been made on specific streams. This trestment therefore

constitutes only & good start; however, further study in the same manner

should produce results of known validity.
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VI. EVALUATION OF MUNICIPAL WATER SUPPLY CONTAMINATION

A. Tatroduction

An approach to the problem of water contamination by radiocactive
fallout was taken which would give a more relisble set of concentration
values than those calculated previously. The values presented in Quarterly
Technical Report No. 3* were maximized, in that they represented a case in

which the highest concentration that could reasonaebly be expected at H+ 1

S R P TP TR

hour from any kind of attack or environment, except for possibly a very high
megatonnage attack. Following is presented a more detailed and realistic
approacih to the problem. The values herewith reported represent specific
cases in which environmental and other factors have been considered, and
it is believed they are at least of the same order of magnitude as would
be expected following a nuclear attack.

Only the citles of Houston, Texas and New York were chosen for
a full scale evaluation. Since the values calculated for these two water-
sheds were in good correlation, it was felt that the results could probably
be applied without serious error to the other cities previocusly considered.
Excellent watershed data was available on both cities, thus facilitating
the calculations considerably.

A physieal integration was performed over the considered watersheds
and reservolrs to give realistic specific isoltope concentrations at H + 1
hour for variously directed 15 mph winds. As before, the case of fallout
contamination from that falling 1n the reservolr alone wes considered as
well as the case of runoff contamination from thLe entire watershed.
B. Calculations

Since large scale maps of both the Houston and New York watersheds

were available, transparent overlays were superimposed over the watershed

See Appendix A
FRECEDING PAGE BLANK.-NOT FLLMED
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arezg sud sppropriste grids scaled in.
squares for watsrshed areas,

when large enough to applys.

sgrving Houston.

g0 as to give a fallout parbterm wk

wind model.

g
i

The ground =210

These grids consisted of five mile

and two mile squares for the reservolr sreas

gore 1L chows the grid on the watershed

of & 5 MT weapon Jdetornablon waus located

Various wiad directions were also chosen 2o as to give some

barls for compsrison and to account for possible seasonal variation. It

directions from *the

wers omitted.

iz obvioug from ths geovgraphy of New York and Houston that the wind

~ast and north would give rise to a negligible amourt

over their revpective watersheds, so that these wind directions

The attacks that were evaluated were as follows:

Houston
Caze Tb Houstion
Cage 1la New 7ork

New York

case 1Tb

Separate

- Cround zero
is from the
~ Ground zero
is from *he
- Cround zero
is trom the

- Zround Zero

is downtown Houston and the wind direction
south.

is downtéwn Houston and the wind direction
weat,

iz Central Park and the wind direction
south.

is Binghamton, New rork, and the wind

direction ie from the west,

evaluations werye made for each of these cases with respect

to conbamination from the reservoir sad that from runoff of the entire water-

shed. In the case

for one of the “eed streame trom dirsat

PUTPOEES,

of Youstom, the concentratiorn of actlvity was calculated

fallout contaminatinon for comparison

For the reservoir study, the wrea of the respective reservoirs

withir each {wo miie grid wasz fcund by pianimeter.

In the Houston watershed
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there 1s ouiy one reservoir and in the New York watershed all six reservoirs
empty into one so that the problem is somewhat simplified if conplrte mixing
is assumed. The centroid of each selected grid area was estimated, and its
coordinates measured with respect tq ground zero. An intensity was then
assigned to each set of coordinates, and &t wvas assumed to be constant over
that specific area. The intensity %alues were chosen according tu whether
the specified areas was either covered by the upwind or downwind cloud.

These values realated to the upwind cloud were arrived at by interpolation
betveen previously estimated intensiby contours, and those of the downwind
cloud vere arrived at by interpolation of computer calculated contours.

To convert from the intensity over each area to activity in
atoms/sq f+ in each area, the value of N*(A)/I(l) from the fallout model,
for each isotope considered, was taken as its value corresponding to the
downwind distance X. By multiplying the appropriate N*(A)/I(l) value by
the intensity over each square, the concentration in atoms/sq ft is found
for each area. By then multiplying each atom concentration by its cor-
responding area, the total number of atoms in esch square of the grid is
found. The total number of atoms of each isotope at H + 1 hour in the
reservoir was then found by adding up the contributions from each square
over the reservoir. By assuming that complete mixing has occurred, the
concentration of activity 1in the reservoir in atoms/liter may be obtained
by dividing by the total volume of water in the reservoir. The concen-
tratlon of each isotope considered at ¥ + 1 hour, for the Houston and

New York resexrvoirs is shown in Tables ¥T and X¥~ ' glong with the ecuivalent

activity in pec/ml.
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Table XI

of the Houston Reservoir

South Wind West Wind
Isotope Atoms/1liter ue/ml Atoms/liter pe/ml
Sr-89 4.6 x 107 1.9 x 1077 .6 x 107 1.9 x 1077
Sr-90 10.9 x 107 2.3 x 1077 10.9 x 107 2.3 x 1077
Ru-106 5.1 x 107 3.0 x 1070 5.1 x 10° 3.0 x 1072
I-131 9.8 x 107 2.7 x 10'“ 9.8 x 107 2.7 x 10'”
Ce-137 5.3 x 10° 1.k x 1077 5.3 x 107 1.4 x 1077
Ba-140 13.7 x 107 ©.3 x 107" 13.7 x 10° 2.3 x 107

Table XI1L
Activity Concentretions for Direct Contamination

of the Mew York City Reservoirs

South Wird West Wind
Isctope Atoms/liter uc/mL Atoms/liter pe/ml
Sr-89 2.9 x 10%° 1.2 x 107 3.9 x 1070 1.6 x 107
Sr-90 5.6 x 10™° 1.2 x 1070 6.9 x 10%° 1.5 x 10'6
Ru-106 2.5 x 10%° 1.5 x 1077 3.0 x 10%° 1.8 x 1077
I-131 5.6 x 10°° 1.5 x 1073 6.8 x 100 1.9 x 1073
Ce-137 3.7 x 10%° 7.3 x 1077 5.1 x 1000 1.0 x 107°
Ba-140 7.0 x 10%° 1.2 x 1073 8.4 x 10%° 1.4 x 1079

B
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The activity concentrations for the Houston reservoir (Table XI) are
+he same for south wind and west wind because the same intensity contour falls
across the center of the reservoir in both cases. When the wind is from the
south, the right hand portion of the contour crosses the reservoir. With wind
from the west, the left hand portion of the contour is involved.

A separate evaluation of stream contamination was made using &
randomly selected creek feeding the Houston reservoir for the purpose of com-
parison only. This selected feed stream (Cypress Creek) ran perpetdicular to
the downwind faliout axis and emptied into the Houston reservolr. The evalua-
tion was carried out in the same manner as that done on the reservoir. The
stream was assumed to approximate an isoceles triangle with the base repre-
senting the width of the stream mouth. Two mile lengths were leid off and the
trapezoidal areas calculated. Intensity values and activity conversion values
were chosen as before to obtain the total activity falling directly on this
stream. To presert an estimation of the concentration of activity in the
stream, complete mixing was assumed. However, it is evident that the activity
will really move in & slug type of formation, completely mixing, if at all,
only vhen the radioactivity reaches the reservoir. Although some mixing during
stream flow will occur due to turbulence and diffusion, the presented case
will never be actually attained, since countercurrent mixing is unlikely.

From the presented values in Table XIIT it may be seen that some build-up of
activity may occur in areas immediately surrounding the stream feed-in points.
However, this build-up will not represent a serious problem in the studied
case because of its distance from the municipal intake, and the relative time
elapsed from the time of detonation to the intake time.

The second case studied was that of the contamination to be expected

assuming runoff from the entire watershed. This study was made fer both the

New York and Houston watersheds, the method being similar to that of the first
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Table XIII

Activity Concentrations for Cypress Creek (South Wind)

Isotope Atoms/liter uc/ml

Sr-89 2.2 x 10% 9.4 x 1073
Sr-90 5.4 x 107 1.1 x 107
Ru-106 2.6 x 10% 1.6 x 1073
I-131 kb x 107 1.2 x 107%
Cs-137 2.5 x 107 4.9 x 1077
Ba-140 6.8 x 10%° 1.2 x 107%

case. Five mile grids were used, however, instead of two mile grids. Wind
conditions were selected identical to those of Case I. To calculate the actuzl
emount of radiocactivity (soluble fraction only) that reaches the reservoir,

the runoff coefficients supplied by the-. respective municipal water works were
assumed valid in that they represent a maximum value to be expected. The
calculated activities are therefore considered to be maximum values. The
actual radioactive runoff coefficient will actually be less than the aqueous
runoff coefficient depending on () the instanteous moisture content of the
soil, (2) the durgtion of time from detonation to rainfall, (3) ion~-exchange
and absorption in and on the soil, and (4) plant uptake. The calculated

values of activity concentrations of the selected isotopes at H + 1 hour,
assuming complete dilution by the composite lakes and streams in the watershed
for both Houston and New York is presented in Tables XIV and XV. The factors
involved obviously vary widely from one environment to another, so that general
assumptions made from any particular reservoir should be applied with caution

to other situations.
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Table XIV

Activity Concentrations for Contamination from Runeff

for the Houston Watershed

South Wind West Wind
Isotope Atoms / liter He / ml Atoms/ liter ue / mi
Sr-89 §.5 x 1079 1.9 x 1072 3.6 x 10°° 1.6 x 107
8r-90 8.8 x 10%% 1.9 x 107% 8.5 x 1070 1.8 x 107°
Ru-106 b1 x 1078 2.5 x 1073 4.0 x 100 2.4 x 1077
I-131 9.2 x 10%° 2.5 x 107* 8.4 x 107° 2.3 x 1073
Cs-137 5.3 x 10°° 1.0 x 107% b.3 x 1070 8.5 x 1077
Ba-140 11.3 x 10%2 1.9 x 107% 11.0 ¥ 10%° 1.9 x 1073

Table XV
Activity Concentrations for Contamination from Runoff

for the New York City Watershed

South Wind West Wind
Isotope Atoms/liter pc/ml }_Xtoms/liter pc/ml
Sr-89 0.36 x 100° 1.5 x 1073 1.6 x 107 6.8 x 1073
Sr-90 0.65 x 10%° 1.b x 1077 2.8 x 107 5.9 x 1077
Ru-106 .29 x 1072 1.7 x 107 1.2 x 1072 7.1 x 107%
I-131 0.65 x 1012 1.8 x 1072 2.8 x 107 7.6 x 107°
Cs-137 0.48 x 10%° 9.5 x 1072 2.2 x 10% b x 1077
Ba-140 0.8 x 102 1.h x 1072 3.4 x 10%° 5.8 x 1072
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€. Conclusions:

It is not the purpose here to draw any conclusions in regard to
the biological hazard resulting from the concentrations of activity presented
in Tebles XI ~ XV. This aspect 1s being considered elsevwhere in this report
and also by other investigators.

It may be prudent, however, to consider the relestive value of
the previous calculations. It must be remembered that only a 5 MT weapon
was considered and that all concenirations are for H + 1 hour. Thus
for any other size weapon, appropriate revisions in the fallout model will
heve to be made before it may be applied. As for & multi-bomb attack,
one cannot but accept some method based on additivity. Complications
arrive here, as far as forming a model is concerned, because of ground
zero locations. Since H + 1 hour values of concentration are given, one
may apply suitable decay curves to adapt them to any syecific stream flow,
reservoir flow-through, or intake time, ete. for a particular watershed
system.

It is not to be implied here that the Houston and Naw York values
are representative of all municipal reservoirs. However, they do present
a reasonable value t0 be expected in a realistic case, and also demonstrate
the ease with which an evaluation may be made. By making such an integrated
evaluation for any specific watershed and applying local conditions, the
relative radiological hazzrd may ve estimated.

The Houston and New York values will be seen to vary from the
potential values if unusual canditions prevailed such as weould occur

during a dry spell. However, the effects will be somewhat counterbalancing

in that high reservoir concentration due to low volume will be somewhat
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offset by the lack of runoff contamination. It is doubted that unnatural

conditlions, unless very severe, will change the concentration of activity

by more than an order of magnitude.
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VZ., ANALYSTS OF RADTOACTIVITY IN WATER

A. Radiochemical Methods

1. Introduction

In most radicchemical analyses the steps are concentration,
separation, purification, and counting. Evaporation and ion exchange
ere the two principal methods of concentration, but may not be necessary
if the level of activity iIs sufficiently high. The individual radio-
nuclides are usually separated by means of precipitation, solvent
extraction, or ion exchenge elution. Purification of the individual
redionuclides usually follows standard chemical procedures which depend
mainly on the solubility cheorecteristics of compounds of the radionuclides.
Coryell and Sugarman(go)have described purification of many of the more
inportant radionuclides. Radioisotopes are counted using appropriate
inztruments, depending on the specific isotope and the desired accuracy.

"Carriers" are of prime importance in wet radiochemical procedures.
The mechanisms and usage of radicisotopic carriers have been well defined
by Overman and Clark(el). A carrier, which 1s normally the stable isotope
of the element being determined or a stable element with very similar
properties, is added to increéée the total concentration of the element,
because the radioactivity will normally be present in micro quantities only.
Hence, if the carrier is not added, part of the radiocactive material will
usually be lost, even though employing the most scrupulous analytical
techniques. By weighing the final solid to be countied, and knowing the
originel amount of carrier added, the percentage chemical and physical loss
may be calculated. By assuming complete interchange of carrier and rad.o-
nuclide, the same percentage of each will be lost, and the original concen-

tration of activity may readily be calculated. The carrier itself is
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: | normally added as & soluticn of & soluble salt of the carrier element

: é prior to any chemical procedure. Carrier addition is used extensively

;' throughout the described analytical procedures, although scme carrier-free
ETf: .

= determinations are now coming into use.

There are several compilations available which descrlbe detailed
procedures for the quantitative determination of many radionuclides(20’22’23’2u)
Most of these methods have been proven and are in general use.

2. Procedures for the Determination of Specifiec Radionuclides

a. Radiostrontium

Strontium-90 has been generslly recognized as being a very bio-
logically hazardous radicnuclide as it accumulates in bone. Due to its
relatlvely dangerous nature, wide interest has peen aroused to find a simple
and rapld method of analysis for strontium-90. Technigues that have been
in use for several years are still finding widest use because of their
accuracy, the time consideration veing less important in peacetime.

Strontium-~89, perhaps somewhat less of a hazard than strontium-90,
because of its shorter half-life, will alsc be present in fallout contaminated
water. Separate analyses of strontium-89 and strontium-90 are thus desirable.
Strontium-89 activity is normally found by subtraction of strontium-90 from
total radiostrontium concentration.

(1) Rediostrontium and Radiobarium by Nitrate Separatior525)

Strontium and barium carriers are added and the Group II cations
ere preclpitated as the carbonetes. Partial separation from calcium is
accomplished by nitrate precipitation in fuming nitric acid. The remaining
calcium nitrate 1s then extracted with acetone. Rare earths and other
trivalent catlons are removed by two hydroxide scavengings. Barium is

finally separated from strontium by precipitation es barium chromate. Stron-

tium is then collected as the oxalate and counted. The barium is converted
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from the chromate to the chloride for counting. The lowest level of detection
for radiostrontium by this method is k4 x 10-8 pe/ml and for rediobarium,
1077 ue/ml. A precision of about 10% may be obtained.

The calculation of the total amount of radicactivity due to either
radiostrontium or radiobarium, using an internal proportional counter, is

made by use of the following equation:

c _ net copm 3
:5 T EABEIC)(D)EE2)

where A = efficiency factor,
B = chemlcal yleld,
c = self-absorption factor, and
D = volume in liters.

This formule also hiolds true for determination of the other radionuclides
A variation of the preceding technique was introduced by Kbo‘(26)
After the separation of strontium by carbonate and nitrate precipitations,
barium removal is effected by barium chloride precipitation in a hydrochlorie
acid-ether system. Any lanthanum-140 which may be present from barium-140

decay 1s renoved by a ferric hydroxide scavenge. Sensltivity in the lO':LO pe/ml

range is obtainable by this procedure.

(2) strontium-90 Ly Solvent Extraction of Yttrium—9cg27)

Strontium carrier 1s added and carbonate precipitetion is performed.

The carbonate precipitate is dissolved in hydrochloric acid and the solution

scavenged with hydroxide. The strontium is again precipitated. as the carbonate,
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which 1s then allowed to stand, thus permitting yttrium-90 ingrowth. The
yttrium is extracted with tributyl phosphate squilibrated with 1AW nitrie
acid. Following extraction, the yttrium 1s washed from the orgenic phase
with O.,1 N HNO3, drled in & planchet, and counted in an anti-coincidence

beta counter.

A decontaminatlion factor of approximetely J.OLL is obtained., The
chemical yield 1s greater than 70% for strontium; the recovery of yttrium
by the solvent extraction is 85%.

Strontium~90 determinations, such as that shown above, are normally
made by measuring the activity of its beta decay daughter, yttrium-90. After
a suitable period has elapsed, the yttrium-90 ingrowth is separated from the
bulk of the strontium by some svitable means. The yttrium~90 is then purified
and counted. The strontium may then be determined by calculation using the

following formula:(gs)

_ net cpm ’
Strontlum-90, uuc/i = (ASZB;ECSZDFZE;EFSZE.EE)

where:
A = 2fficiency factor,
B = per cent extraction factor,
C = per cent ingrowth factor,
D = chemical yield,
E = sample volume (liters), and

F = decay fTactor; calculated from
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A = setivity remaining after a time interval t,
Ao = gctivity of sample at some original time,
A= 9.693 , and

half-life of yttrium-90 (62.4 hrs)

t

time (hours) from separation to counting.

By knowing the total strontium-90 activity and the total activity due
to radiostrontium, the strontium-89 concentration may be obtained from the
difference.

(3) Strontium-90 by Direct Precipitation of vibriun-90(29)

Strontium-90 activity may also be easily measured by a variation of
the preceding method. After a suitable time has elapsed for yttrium-90 in-
growth, yttrium carrier is added and subsequently precipitated as the hydroxide
by the addition of sodium hydroxide. The radioyttrium is then purified by
standard radiochemicel techniques, which will depend on the concentration and
species of the other rare earth radionuclides present. Resolution of the
decay curve will be necessary if yttrium-91 1s present.

(4) Radiostrontium by Ton-Exchange Methods

Kahn and Reynolds(3o) utilized ion-exchange resins for the concentra-
tion of radiostrontium. Strontium carrier is added to a lO-liter water sample
and the solution is passed upflow through a cation exchange resin in hydrogen
form. The strontium is then eluted with 14N nitric acid, The radicstrontium
is then separated from other aslkaline earths and purified by previously

(26)(27)(29)

mentioned methods, depending on whether total radiostrontium con=-

centration is desired or strontium-90 zlone.

By means of concentration of activity with ion-exchange resins, great

1

sensitivity can be obtained, possibly down to the 10° 0 uc/ml range.
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A similar ion-exchange method was described by Kehn, Eastwood, and

Lacy(31). Using appropriate radiochemical techniques, other long-lived radio-

i Sai s e

nuclideg could also be determined. In every case, the recovery of activity

was greater then 99%.
(32)

Bryant, Sattizahn and Warren utilized an ion-exchange procedure
to separate yttrium from strontium after a ten day ingrowth period. The
yttrium was then selectively eluted from & cation exchange resin, followed by
a readsorption on another resin and finally counted. The radiochemical re-
covery was greater than 97%. Gravimetric measurement is not required when

using this procedure.

(5) Radiostrontium by Evaporation Methods
(33

According to Libby strontium-80 may readily be determined in low
concentrations by concentrating the activity by evaporation.

The sample (1 liter) is evaporated to dryness, aud dry strontium
nitrete carrier is added. Following addition of calcium chloride, to the dry
residue, the sample is dissolved in phosphoric acid. Yttrium is then removed
by the addition of lanthanum carrier, followed by hydroxide scavenging- The
precipitate is redissolved and the milking repeated twice more. The third
precipitate is savéd, ignited and counted. The analysls itself takes two
hours to perform. It is necessary to utilize decay curves to determine the
yttrium-90 activity, due to the presence of yttrium-91 and other rare earths.

b. Rediocesium

Radiocesium is considered to be one of the more important of the bio-
logically hazardous radionuclides. Cesium is chemicaily similar to the other
alkali metals, such as sodium and potassium, which are commonly found in the
internal organs. Thus ionic interchange within the body 1s easiiy accomplished.
Cs-137 and Cs-134 with half-lives of 33 years and 2.2 years respectively

constitute the greatest radiocesium danger.
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Selective alkalil precipitation and ion-exchange elution have proven
t0 be the best methods of separation for the analysis of radiocesium. Deter-
mingtion of the various isotopes appears to be most feasible by gamma spectro-
sScopy .

(1) Rediocesium by Phosphomolybdate Precipitat;gg(3h)

After the addition of cesium carrier to the sample, phosphoric acid
and ammonium molybdate are added and the cesium is precipitated as cesium
ammonium phosphomolybdate. After dissolving the precipitate in sodium
hydroxide, the cesium is reprecipiteted as cesium cobaltinitrite. This
precipitate is dried at 100°C on an aluminum plenchet and counted dn an in-
ternal proportional counter. A 93% removal of cesium activity was attained
by the phosphomolybdate precipitation. Concentrations as high as 10‘” uc/ml

10

and as low as 10~ uc/ml were measured with good accuracy. The two principal

cesium radioisotopes measured by this method were cesium-137 and cesium~134.

(2) Rediocesium by Cobaltinitrite Precipitation' 34)

After the addition of cesium carrier, the cesium and other Group I
cations were precipitated as the cobaltinitrite after the addition of sodium
nitrite and cobaltous chloride. After washing, the cobaltinitrite is dis-
solved in hydrochlcric acid. Cesium silicobungstate is then precipitated by
the addition of silicotungstic acid. The silicotungstate is then dissolved
in dilute vase and the solution scavenged with ferric hydroxide. The excess
sungsten is removed as the insoluble trioxide. Cesium and sodium perchlorates
are then precipitated by the addition of perchloric acid and absolute alcohol
to the solution. The sodium perchlorate is then removed by washing the pre-
cipitate with absolute alcohol. The finel cesium precipitate is then washed,

dried and counted. is method has been proven to be quite accurate and is

now in wide use.
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(29)

Osmond, et al. co-precipitabted cesium cobaltinitrite on potassium

cobaltinitrite and followed with a similar purification procedure. This
method has found little popular use.

(3) Radiocesium by Silicotungstate Precipitation(js)

This procedure is based on a method originally described by Yamagata

and Ya.magata(%).

The cesium is first precipitated as the silicotungstate.
Dissolutlon of the precipitate is then followed by a ferric hydroxide
scavenging. The cesium is then reprecipitated as the dipicrylaminate. This
salt is dissolved in bL-methyl-2-pentanone and the cesium is extracted by means
of 2M hydrochloric acid. The cesium is finally precipitated as the perchlorate,
in which form it is dried, weighed, and counted. The chemical yield is 80%, and
eight analyses may be performed in eight hours.

(23)

(k) Radiocesium by a Co-crystallization Procedure

A method has been described by which cesium is separzted from the bulk
of the alkali elements and the mixed fission products by co-crystallization
with amménium aluminum sulfate. The ammonium salts are decomposed by heating,
and the cesium is precipitated for counting from a dilute hydrochloric acid
solution as the chloroplatinate. This method has been in use as standard
procedure in some laboratories.

(5) Radiocesium by Ion-Fxchange Methods

Kehn, Eastwood, and Lacy(3l> have developed a separation scheme for
the analysis of the more hazardous radionuclides by ion exchange. The specific
radioelements studied were cesium, cerium, cobalt and strontium. The lower
limit of detection was decreased a hundredfold by concentrating the radio-
activity of a large sample with a cation exchange resin.

Cesium was selectively eluted by means of @M hydrochloric acid from

the cation exchange resins cstudied. Standard purification procedures were
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then used to prepare the sample for counting. The cesium was separated from
the other alkali cation contaminants by precipiteting it as the silicotung-
state, dissolving the precipitate in sodium hydroxide, and then reprecipitating
it as the perchlorate for counting. The activity recovered for all radioc-
nuclides was greater than 99.2%.

Tsubota and Kitano (37)

found that an smmonium formate - formic acid
buffer of pH 3.2 selectively eluted the slkali metals from a cation exchange
resin. This buffer was employed particularly for the determination of radio-
cesium, being somewhat superior to hydrochloric acid or citrate buffer as
an eluent.
¢. Radioiodine

Radioiodine may be either beta or gamma counted, although gamma

scintillation is preferred for determination of the individual radioisotopes

of iodine.

(1) Radiniodine by Chemical Methods

Glendenin and Metcalf(aa) determined radioiodine activity by an
extraction purification procedure. Carrier sodium iodide 1s added to the water
sample, and interchange is accomplished by oridation to the iodate with sodium
hypochlorite in basic solution, followed by reduction to the iodide by sodium
bisulfite in acid solution. Sodium nitrite is then added to oxidize the iodide
to elemental iodine which ig then extracted into carbon tetrachloride. The
iodine is further purified and concentrated by back-extraction into sodium
bisulfite solution which is finally gamma counted at the iodine-131 photopesk.
The sensitivity of the method 1s approximately 10-8 c/ml for a liter sample.

The problem of incomplete carrier interchange is overcome by this

procedure which employs oxidation-reduction.
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The same authors also describe & procedure in which the iodete is
reduced directly to the iodide by hydroxylamine hydrochloride. The iodide
obtained after the sodium bisumfite back-extraction is precipitated with
silver nitrate as silver iodide which is then dried, weighed, and beta
counted.

A similar but faster method . .. radioiodine determination was de-

veloped by Lewis(39).

He develuped & continuous extractor employing two
centrifugal pumps, to promote mixing and extraction. The jodine was extracted
into carbon tetrachloride and backextracted into bisulfite solution in one
operation. The gamms emission of a pipetted sample was then measured. The
time of analysis was cut from 2 hours to 30 minutes. An accuracy of

93.0 ¥ 8.0% was achieved.

d. Total Radio Rare Earths Determination

(1) Total Rare Earth Activity by Fluoride Precipitation

Hume and Mhrtens(L“)%awe developed & rapid method for the determina-
tion of rare earth activity by which the beta and gemma activities are deter-
mined separately. The method is quite rapid, the gamme determination taking
only a half-hour.

Two rare earth fluoride precipitations serve to remove zirconium end
nioblum, the principle gamme emitters of fission material. Barium and stron-
tium, which are heavily coprecipitated, are removed by hydroxide precipitation
after the addition of hcldback carrier. The sample may then be gamme counted.
To estimate the beta activity, the rare earths must be precipitated as the
oxalates before counting.

(2) Total Rare Earth Activity by an Alternate Method

(41)

Boldridge and Hume developed a method similar to that above
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for the determination of total rare earth activity. It 1s somewhat lengthier,

but more accurate, particularly for beta counting.

Stable cerium is sdded as & carrier for the entire group of rare
earths. The rare earths are then precipitated as fluorides, redissolved in

boric and nitric acids, and reprecipitated as the hydroxides. Zirconium is

then removed by precipitation as the iocdate afiter reduction of all the rare
earths to the trivalent state. Following hydroxide scavenging for alkaline
earth removal, the rare earths are precipitated as the oxalates and beta-

counted in an internal proportional counter.

Alstad and Pappas(uz) employed a similar technique, using lanthanum

as a carrier for all the rare earths. Following separation and purification

oot Pttt

of the group of rare earths, individual separation was attained by elution

from a cation exchange column with ammonium lactate. The lon-exchange separa-

2 s ‘U-.»}"»

tion step was performed without additional carrier, and the recovery of

3 | activity for each radiomuclide was assumed to be the same as that for the
lanthanum. The advantage of the non-carrier separation is that a "weightless”
sample is obtained, thus eliminating self-absorption and self-scattering
factors.

e, Miscellaneous Radionuclides

(1) Radiobarium

_? Determination of radiocbarium mey easily be made during the radio-
strontium analysis. Both strontium and barium form insoluble carbonates, and
subsequent separation may be made by precipitation of barium as the chromate.
This method, by Hahn and Straub,(ES) was described earlier under radiostrontium.

Hunter and Perkins(AB) followed the same procedure except that the precipitate

is counted as the carbonste instead of the chloride.
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IVI:',nkJ&:LnenL(21‘L> has developed a procedure for the analysis of radio-
barium in which barium chloride carrier is specifically precipitated as the
monohyd:ate from a ¢ neentrated hydrochloric acideethyl ether mixture. This
precipitate is dilssolved in waster to which Jerric hydroxide is su:seguently
sdded as a scavenger. The barium is then isolated as the chromste. Th:
chemical yield of barium chromate is about 7C%. The barium chromate prucipi-
tate is then set aside for 134 hours to allow the barium-140 and its daughter
lanthenum~140 to come to equilibrium.

(2) Radiocerium

Burgus and Engelkemeir(ku) have developed v method of analysis for
radiocerium (cerium-14li), employing a series of vrecipitations. After the
addition of cerium carrier and alksaline earth holdb.ck carriers, cerium was
separated along with the rure earths by -‘luorice precipitation. Alternate
hydroxide and fluoride precipitations are then employed to remove zirconium
and ~lkiline earths completely. The cerium is then oxidized to the tetravalent
state with perchloric acid and precipitated as the iodate. Thorium activity is
then removed as the iodate following the reduction of cerium with sulfur
dioxide. After scavenging with thorium and further reprecipitation, the cerium
is finally precipitated as cerous oxalate, which is subsequently ignited to
the oxide. After weighing, the cerium activity is counted on an internal
proportional counter.

The percentage of chemical recovery is only about 30%, but the radio-
active purity of the final precipitate is very high.

It is likely that this process could be shortened hecauce of the
probable absence o? thorium from fallout contaminated water.

Ames(h5) ;mployed & similar procedure for the analysis of totsal

radiocerium. The concentration of cerium-1lhl is obtained by counting im-

2
mediately, using a 217 mg/cm aluninum absorber. This shields all the
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cerium betas, counting only those from praseodymium-14l, the daughter product
of cerium-1kk. The difference between the total radiocerium concentration and
cerium~-144 concentration is assumed due to cerium~1k1l, & neutron induction
product.

(L)
Barnes

desceribes a method by which radiocerium is isolated by an
extraction method and counted for cerium-1bk. Carrier interchange is accom=
plished by means of an oxidatiocn-reduction cycle. Two dibutyl phosphate ex«
tractions are then carried out to remove the heavy elements. The cerium is
then precipitated as the fluworide, oxidized to the tetravalent state, and ex-

tracted into hexone. inglly it is converted to the dioxide and counted for

cerium-14lh by means of a beta counter using & 217 mg/cm2 aluminum absorber.

The chemical yield varies from 50-60%.

Kahn and Reynolds(Bo)

have developed another method for the determine-
tion of radiocerium activity employing the use of ion-exchange resins. Con-
centration of radiocerium and added carrisr was attained by passing a one-liter
water sample through either Dowex-50 on the hydrogen cycle or IR-220 on the
sodium cycle. Ceriun was selectively eluted from the resin with 25 ml of

3M nitric acid. Purification of the radiocerium is obtain=d by successive
precipitetions as the fluoride, the hydroxide and finally as the oxalate. The
cerium oxalate is weighed to determine carrier loss and then counted.

o8

Sensitivity of detection was increased to approximstely 1 pc/ml.

(3) Radioruthenium
(L7)

Glendenin has developed an snalysis scheme for the determination
of radioruthenium which has been utilized as a standard method of procedure.
Separation of the radioruthenium with carrier ruthenium is accomplished by

oxidation with perchloric acid to the volatile tetrmoxide which is subsequent-

ly distilled off. Sodium bismuthate is added prior to distillation to prevent
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volatllization of the halides by oxidizing them to the o:yacids. The ruthenium
is absorbed into a sodium hydroxide solution and preéipitated in the form of its
lower oxides by reduction with ethanol. The ruthenium oxides are tuen dis-
solved in hydrochloric acid, and ruthenium is precipitated in the metallic

state by reduction with megnesium metal. The ruthenium metal is weighed for
carrier loss and counted. The chemical yield is about 65%.

Melnick(h8>

, using an almost identical chemieal procedure, describes
a process for the determination of ruthenium-106. By using & serles of heavy
aluminum abseorbers with a bete proportional counter, a correction factor for
the presence of ruthenium-103 (half-life = 42d) may be obtained by extrapola-
tion. Extrapolation for the correction is necessary, in that while counting
the betas from ruthenium-106 through a 210 ms/cm? aluminum absorber, the gamma
rays from ruthenium=103 are also counted. If the activity due to ruthenium-103
alone is desired, gamma scintillation may be used with a 2,000 mg/cm? aluminum
absorber.

Merrittcug) describes a method of radiorutheniua analysis in which the
ruthenium is determined in the presence of strontium, cesium and cerium by
fusicn and extraction. Following the asddition of carrier ruthenium to the
water sample, the sample 1s Tused with potassium hydroxide, sodium nitrite,
and sodium carbonate at SSOOC for two hours. The melt 1s leached twice
with water to dissolve the ruthenate and cesium, leaving strontium and cerium
in the residue. Strontium, cerium and cesium are then analyzed by previously
mentiouned procedures. The ruthenium is extracted from the leach, after the
addition of periodate, with carbon tetrachloride. The ruthenium is then
stripped from the carbon tetrachloride with €N hydrochloric acid. Magnesium
is then used to reduce the ruthenium to its elemental metallic state in which
form 1° 1is subsequently counted. This method has proven satisfactory for

sol! “eaching analysis, etc., but could well be used on water samples.
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(4) Radiozirconium~Radioniobium

. Steinberg(5o) has developed a method for the determination of zirconium-
niobium activity which has been tested and proven. Following the addition of
both zirconium and niobium carriers, the two elements are complexed by the ad-
dition of oxalic acid. Thorium oxslate scavenging is carried out by the ad-
dition of potassium chlorate to the acidified solutlion. The aioblum oxide
is redissolved and reprecipitated as the oxlde hfdrate. The water is then
driven off by ignition and the niobium oxide is weighed and mounted for count-
ing. The zirconium ig precipitated from the original soluti » as the phen-
ylarsonate by the addition of phenylarsonic acid. This prec o ite is dissolved

in oxalic acid, forming the soluble oxalate. The zirconium is reprecipitated

ag the phenylersonate, which is subsequently ignited to zirconium dioxide.

This precipitate is weighed and counted. Both precipitates (niobium and

zirconium) are beta counted on an internal proportional counter.

Brady and Engelkemeir(5l) have developed a phosphate method for the
determination of activity due to zirconium-niobium which 1s somewhat lengthier
than the preceding method. Separation of zirconium is based upon thes precipi-
tation of zirconium phosphate. The phosphate is then redissolved as the
-~ fluoride and precipitated as the phenylarsonate which is subsequently ignited

'; 7 for counting. Niohium is precipitated in acid solution, dissclved as the
; fluoride complex and finelly weighed and counted as the oxide. About 10 hours
. is required for the entire analysis. The chemical recovery of zirconium is

about 75%, and that of niobium is about 80%.

(52)

A method is also described by Stanley for determination of

zirconium-95. Carrier interchange is effected by the formation of the fluoro-

zirconate comptlex, ZrF6“2. Rare earth activities are removed by lanthanum

Sl bionsnoimiiliviom st AR AN W
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fluoride scavenging. The zirconium is then separated by means of three barium
fluorozirconate precipitations. The zirconium is finally precipitated with
mandelic acid from hydrochloric acid solution and ignited to the dioxide, in
which form it is weighed and counbed. A chemical yield of about 75% is
obtained. It is essential to not begin the analysis until zirconium-97

(tl/2 = 17 hours) has had time to decay to a negligible amount. After the
final precipitate hag been obtalned, counting should begin immediately so

that no appreciabie niobium-95 has time to grow in. A beta proportional
counter should be employed for the counting.

3. Bummary of Radionuclide Analyses

For the cunvenience of the reader, additional references, as well

as those previously cited, are summarized in Table XVI.
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Table XVI

Summary of References of Radionuclide Analyses

Element References Cited Additional References

1. Rediostrontium 25, 26, 27, 29, kg, 53, 54, 55,
30, 31, 32, 33 56, 57, 61, &

2. Radiocesium 23, 31, 3“‘; 35, 29) )“’9: 54) 55;
36, 37 58, 64, 65

3. Radioiodine 28, 38, 39 55, 59

L. Total Radio Rare Lo, 41, b2 55, 60

Barths

5. Radiobarium 2L, 25, 43 29

6. Radiocerium 30, L4, 45, 46 29, 31, 49, 63

7. Redioruthenium by, 48, 49 30

8. Radlozlrconium - 50, 51, 52 30

Radioniobium

o tethe

e A
o
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B. Instrumentation

Quantitative analysis of radioactive elements in btrace concen-
trations is done most conveniently by meens of radiastion-detecting instru~
ments. Due to the very small amounts of radionuclides present, such
instruments are usually superior in speed and sensitivity to conventional

wet chemical analyses. However, when complete chemical analyses are

required, extensive use is made of wet chemical procedures for the separa-

T

tion of various isotopes, as described on pages 105 -~ 121, Such separations

gre not required when only gross fission product activity is to be mea-

sured or when only one radiolsotope is present.

If the activity of a sample is sufficiently high, this activity

3
‘1,
.
¢
o

may be determined directly using a simple detector and ratemeter. At

very low concentrations in agueous samples or for beta emitters, for which

gelf-absorption in the sample is a major factor, preconcentration of the

sample and specially designed instruments such as a flow counter may be

required.

. A survey of commercially availeble portable radiation instruments
f: has been carrled out and the information obtained is summarized in

Tables XVII and XI¥X. These are all instruments of the ratemeter type

4 capeble of recording count rates down to a few counts per minute. To

establish their usefulness for the deteymination of fallout product

concentrations in water it is necessary to correlate the sensitivity of

the equipment with different types of detectors and reasonable sample

volumes with the level of contaminetion concentration expected in emergencies.

For raw, untreated aqueous solutions, Figure 15 shows the relation

of nuclide concentration to measured dose rate for various isotopes of
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intersst for o representative commercial instrmment. It hes been shown in
Tables X.. and X7 thet failout product concsnirations of the order of
107° - lo'h uc/ml mey be expected in the water supplies of typical vetersheds
durinrg the early post-attack period. Table .. taken from lacy and
Kahn{66> zhows the relative detectablility of selected radioisotopes with
gurvey meters with a lowest~zcale sensitivity down to 0.01 mr/hr assuming
ideal counter geometyy.

1f it is merely desired to determine the presence or absence of
theee high-level {allout concentrstions, it i1s evident thet available
survey instruments should be capable of supplyling this information, pro-
vided that they are fitted with a detector head suitable either for immersion
into the liquid semple or for flow-through measurements.

Yowever, in most cases the concenbrations measured are well
above the ICEP maximum permissible levels of concentration in water(67) or
cloce Lo the limits of debtectability of the instruments listed in Table XV..I.
For thie reason it seems necessary to deveiop and make available procedures
and facilities for *he more accurate measurement of low-level fission product
concentrationy to ensure the safety of available sources of drinking water.

Thig development can follow twe paths:

L. Preconcentration of the sample to increase the number of
radiodctive atoms to a level that is readily detected by conventional
gurvey instruments: or N

2. Tncreasing the sensitivity of the detectors by an increase
in sample volume, background reduction by edded shielding and coincidence
circult arrangements, or more intimste contsct tetween sample snd detector
volumes, 57 1n proportionzl f{low counters or in liguid secintillation

counting.
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Approximate Minimum Detectable ioncentrations in Water {(pe/ml}
PP ‘U .

For Survey Meters with Tuil Scile Sensitivity

Radioisotope 0.01 mr/hr 0.1 mr/hr 1.0 mr/hr 10 mr/nr

Ry 00 5 % 1070 5 % 1077 z X o™ 5 % 1077

g4 1x 1077 L x 107 ¢y 107" 5% 2077

P32 5 5 1070 2 4 o7 Ly 1070 L ox 107"

720" = 107 1k 07" 1x 107F . 1077

717 % 107 1. 2073 5 . 1077 & x 1077

AL ©ox 16T ik 070 <% 107% sy 1077

e 141077 1% 107 1% 1077 1x 307

; A2 % :o‘6 5 % 107" = ox 13'L x 1073

1 e 1x 1073 £y 2370 5 x 1077 1x 107t

3 ; ord 5 x 107 1 ¢ 107~ L ow 1070 5 ¢ 107

o 1 x 1079 S 4 1070 e 1078 1w 307

, Gy 20 1x 107 1o “ e o 5 2 107

" P 1% 1077 1% 107 5 % 107 5 ¢ 107"

; cet37 1x 1073 5 oy 1070 5 4 107 1x 207t
.

Values extrapolated from Lacw, W. -, an? Yakn, 5., "Survey Msters
and Flzctroscopes tor Monitoring %adic.otisitr in Water,” J.AW.W.A.,
L6, 59 £195h)
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Preconcentration Methods
Many methods of preconcentration have disadventages which limit
their use in an emergency. Concentratior by evaporation, for example,
% requires a great desl of care and skill to obtain reasonably accurate
?I results. The use of ion exchange resins to remove the activity from the
%g sample can give very good reproduceability and in some applications can
;f be almost completely automsted. BEmmensg and Lauderdale(68) have developed
i a continuous water monitor which employs a long G.M. tube at the center of
é a column of cation exchange resin. By employing two columns, one may be
§7 used while the other ls peing regenerated with strong acid. With this
;' system sensitivities of around l()'7 pe/ml have been obtainee.
The mixed resin bed is potentially cepable of sensitivities in

the 1077 - 10'8 we/ml range when used with low background counters.
Although the measurement of radiocactivity on resin presents problems of
gelf absorption in the sample, reasonable efficiencies and reproduceabilitiles
can be obtained if sufficient care is taken in sample preparation.

One method which may be employed to overcome self-absorption
in the resin is to detect the beta particles with & scintillation resin.
Little work has been done on seintillation resins, but when techniques
are developed this should become a very valuable tool in contamination
evaluation work.

A highly accurate way in which the radioisotope content of water
can be determined is by rediochemical analysis. By chemically separating
the various elements of intzrest and then measuring the activity of each

constituent, the activity concentration as well as the identity of the

radio contaminants may be obtained. This type of analysis requires a
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skilled radiochemist and such an individual mey be difficult to find in
emergencies. Solvent extraction methods have also been used, but at

present a method involving a mixed-bed ion-exchange resin seems to offer
the simplest practical approach(69).

Detector Development

Improvement in detector sensitivity can be achieved by & suitable
choice of detector characteristics, detector geometry, and electronic
circuit parameters. In order to measure the contamination level of water
supplies the radistion emitted from the water sample must be determined
as efficiently snd as accurately as possible. Because of the statistical
nature of the radiation emission, higher sccuracies can be obtained only
by increasing the total number of counts registered by the detector,

while at the same time keeping background counts to a minimum. For this

reason, at low levels of activity individual counting circuits or scalers
; : are superlor to integrating counting circuits such as ratemeters.

If the radicactivity is composed largely of beta particles, a
major problem in measuring beta activity in water is the short distance which
E a bets particle can travel in this dense medium. It is, therefore, desirable
t0 bring as large a volume of water as possible into the immediate proximity
9 of the detector.

One of the most convenient monitors for this purpose is the flow-
through type which allows the water to come in contact with the detector for
a brief period and then be flushed out. The most common detector used in
flow-through monitors is the G.M. tube(7o). Various configurations of the

G.M, monitor type have been used to check cooling water effluent at many

of the water-cooled reactors in the country.
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Lately, the geometrical flexibility of plastic scintillators
has increased the volume of water which can be brought close to the active
volume of the detector. There are presently on the market, water monitors
which use large, spherical scintillators capable of measuring activities in
the range of 1077 uc/ml(Ts). Ancther method which disnlays much of the
geometrical advantage of liquid seintillation but has none of the chemical
problems is the use of seintillation fibers(76). Although this method
has been used for the most part to measure ClLL and tritium in water, it
should yield good results with fission products and extend direct monitoring
capabilities below the 10'8 pe/ml range.

Liquid scintillation techniques have yielded very accurate resulis,
high efficiencies and good sensitivity in the determination of radioactivity
in water. This method may prove quite valuable in the hands of an experienced
radiochemist.

The limiting factor in the sensitivity of a detection device
is the background or "zero activity" response of the device. Both electrical
and physical approaches have been pursued in the reduction of this background.
Physical methods include the shielding of detectors and the reduction of
detector sensitivity to fhe gamma radistion which can penetrate the shielding.
Since the cross section of plastic scintillators is quite high for beta
radiation while being fairly low for gemma radiation, very thin seintillation
discs have been used to produce good beta detection efficiences with a
background of less than one half count per minute for a one inch diameter
sample

The electrical method of reducing background involves a shielding

detector and anti-coincidence circuits. The detection device is thus made
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insensitive to most of the background radiation which enters the detector.
Most of the anti-coincidence detectors presently on the market reduce the
apparent background to a range of 0.5 to 2 counts per minute.

The only rellable method presently applicable to civil defense
use for measuring the amount of specific isotopes in water is gamma-energy
analysis. Most gamma apalyzers are large and quite complicated to operste,
although some that are portable and easy to use are now appearing on the

(74)

market. With a small smount of training civil defense personnel should

be ablé to make good use of these instruments.
Summaty

Preparation for the post attack monitoring of drinking water
supplies for radioactive conteminants, may now be divided into four areas
of required action. These include the installetion of continuous monitoring
equlpment at treatment plants, dissemination of lnformation on the use of
available instruments for water activity, insuring the availability of
battery-povered equipment designed for water or general liquld radioactivity
assay, and continuing the research on equipment capable of meeting emergency
requirements.

A large number of water treatment plants would probably still be
operational after s nuclear attack. The danger of contamination from
fallout would require that the water be continuously monitored for contamina-
tion even at levels well below the maximum permissible levels. In this way
alternative water sources could be located or decontamination proceduress
could be brought iy operation as soon as the possibility arises that ‘
existing water supplies become unfit for consumption. It would be desirable

for this permanent equipment to be able to determine the relsative concentra-

tions of the various radiocontaminants.




L Y TR S TR T e

~129-

Many commercial instruments which detect nuclear radiations can
be set up to measure the amount of rediocasctivity in water to a degree of
accuracy sultable for emergency use. This measurement would require a
given procedure and a set of conversion tables for each type of instrument
or class of instruments.

Of the widely available instruments, the most common type, the
G.M. survey meter, can be adapted for emergency use by elther dipping the
probe into the water or holding the probe close to the water surface, to
measure radio-contamination levels down to 10'5 uc/ml of some of the
isotopes. Some scintillation meters can reduce this lower limit below
1()-6 uc/ml with the absolute limit depending on background radiation.

Most ion chamber survey meters are not as sensitive as the G.M. or scintil-
lation types, although some of the more sensitive ones might be used when
no other equipment is available,

Companies marketing nuclear detection equipment were asked to
supply detailed specifications on their survey-type instruments. A
summary of information received by Januery 30, 1963 is given in Table XV II.
The instruments are listed in order of decreasing sensitivity (minimum
full scale readings).

Pertinent specifications in the table include the maximum full
scale range, battery life, type of radiation detected, type of detector
used, welght, the manufacturer's model number, and unit cost of the
instrument. The ability of an instrument to discriminate between various
types of radiation 1s also included, as well as the type of radiation to

which & given instrument is sensitive, is indicated by an "X" in the

appropriate column. If an "0O" appears under the indicated type of radiation
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TABLE #XII Capabilities of Portable Survey Instruments

Full Scale Max. Bat- nge Type
Dose Rate No, of Integrated tery No. Radia- of . Mfgrs. Commar-
{mr/nr) No. of Decades {f Doze Life Bat. +tion Detec- Weather- - Instrument Model cial
High  lov__Ranges Log Scale (r) _ _(hra) "p" @By tor _ proof ~ Wt. {lbs) No. Source _ Price
s saot s - .5 ko - *x S 33 15-2 12 $1960
2.5 0L 5 - - - - x Sg 1o FB.11 . g L50
100 o2 b, . - 40 2 ox M X 5 E«510 3 395
17.5 .07 3 - - 500 - 2% % Iom 8 1SS 8 395
37.5 o1 3 - - 300 - x xx Ion 3 ASM-oh 1 395
10 1 3 - - 00 3 0x GM 5 0530 13 235
100 17 - - 0 b X x M 5 2651 11 295
100 a7 - - 300 4 00x M 5 2652 11 5
20 2 3 - - 100 4k oCcox 6M, Sc x L L39 b 175
20 .2 3 - - Loo b Ox GM b3 17 H-575 8 375
2x10 2 5 - - 100 S 0Ox M X i Elsoos 3 550
25 25 6 - - - - 0Ox RMZB & 200
25 25 3 - - 150 - Ox M [ suik 10 275
25 25 3 - - 150 00x oM 6 SULLLTW 10 135
50 5003 - - w00 5 ox ™ 5 CDV-700 1 100
50 5003 - - w5 ox @ x 5 R-572 8 139
50 .5 3 - - 100 5 o00x @ % 5 H-752T 8 2ue
bl 5 3 - - 150 5 0x x 5 20813 T €0
50 53 - - 0 5 xx M x 5 701 5 235
500 5 b - - b 2 0x X 5 EP-27L L 535
100 1 3 - - 2% 5 0x M € BA-L20S 1 230
100 1 3 - - 25 S5 00x oM € BA-420E 1 280 :
106 1 3 - - 250 5 ox @™ 5 SM-131-A 1 280
w® 2 7 - - % 2 x oM x 7 1S-145 8 460
00 3 5 - - 100 N 00x Ion 5 Lo N 595
5210 5 5 - - - - x Ion $ Cs-Loa 8 350
Sxxo" 5 5 - - 500 - x lon g CPel1 € 350
E wah 5 5 - - 500 - xxx JIoo 5 20815 7 kso
E 1003 10 3 - - s00 - x Iom 5 5298 L 395
4 a0’ 10 " - - o xx G 1 WUTE 8 50
x0° 10 " . - o x o 1 RM-100 11 53
1000’ 10 3 3 - 350 xx Ion 5 AGB-10KG-5R 4 IV
3 15aF 15 3 - 15 80 - Gx Tom 5 SU-1H 10 370
2500° 25 3 - - 80 - 00x Ton 5 CP-3A 9 295
25510° 25 3 - - 800 - 00x Ion 4 TeCB y 295
25x10h 25 6 - 25 200 5 0xx Ion 5 2534 1 €95
52103 50 3 - . 80 - 00x Too 5 cp-3 9 295
SxJ.O3 50 3 - - 800 - 00x Ion 7 SRY-7 9 325
5x105 50 3 - - 150 0x Ton 3 D-1A 13 275
5x10° 50 3 . - 200 - 00x Ion L 404 " 295
5x10° 50 2 3 - - - 0x Ion 4 " AGB-50GR-SR b 295
w1 100 3 - - 200 - 00x Ionm N o L 295
25x103 250 3 - - 800 - 00x Ion 7 HRT-7 9 325
5x10* 500 s - - 30 - 0xx TIon 10 BA-415 1 u3s
sx10° 500 3 - - 800 - 0x Ion € CP-TP-1A 9 L50
5x10° 500 L - - w1 x  Ion x 5 CDV-TL5 1 100
5x10° 500 2 3 - - - 0x Ion u AGB-500GB-SR " 295 -
me? waed b - - 05 X se x 3 GADORA-1 3 k00
mod e 3 - - - 0xx Iom 9 L1k 2 L7s
5:101‘ 5)‘161'L 1 L - 100 - x Iecn 1 M50 I 130 .
sx10° st 3 . . goo - x TIon 6 CP-TE-1B 9 450
2x10° 2x10° 1 b - 0o - x Ion 1 MR0C L 130
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it simply means that it can be shielded out by a movable absorber. In the
event an instrument may be powered by standard "D" cells, the mumber of %
batteries required is indicated. Instruments which are specified to be

moisture proof or immersion proof are indicated to be "weather proof" by

an "X" in the appropriate column. It is believed that the above cited !

SR NPT It PO

characteristics are the most important to be considered in selecting an

instrument for surveying and measuring water supplies and for other general

uses. The manufacturer of each instrument may be determined by referring

to the "Commerciasl Source” column in the table and then to the company

number listed in Table XIX.

Table XIX

Eguipment Manufacturers

1. Atomic Accessories, Inc.
811 W. Merrick Road
Valley Stream, New York

2. Baird Atomic, Inc.
33 University Road
Cambridge 38, Mass.

3. Eberline Imnstrument Corp.
P. 0. Box 279
Santa Fe, New Mexico

L4, Victoreen Instrument Co.
5806 Hough Avenue
Cleveland, Ohio

5. Lionel/Anton Electronic Laboratories
1226 Flushing Avenue
Brooklyn 37, New York

§. Nucleonic Corporation of America
196 Degraw Street
Brocklyn 31, New York

7. Radiation Counter Laboratories, Inc.
5121 W. Grove Street
Skokie, Illinois

8.

10.

1l.

S

13.

Radiation Equipment and
Accessories Corp.

665 Merrick Road

Lynbrook, New York

Technical Assocciates
140 W. Providencia Avenue
Burbank, California

Tracerlab
1601 Trapelo Road
Waltham 54, Massachusetts

Nuclear-Chicago Corporation
333 East Howard Avenue
Des Plaines, Illinois

Franklin Systems
2735 Hillsboroc Road
West Palm Beach, Florida

Nuclear Corporation of America
Instrument and Control Division
2 Richwood Place

Denville, New Jersey
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Jsing the informetion in Figure 15 to convert the instrument
sensitivities in Table XVIIT into equivelent concentration values, Table XVII
has been compiled to show the concentrations of typlcel isotopes which can
(66)

Just be detected with instruments of the sensitivities stated It must

be borne in mind that the doge calibration in mr/hr for most instruments
is done with & cobalt or radium ground source, and that the dose extrapola-
tion to other isotopes and energy ranges will not be the same for different
detectors.

It is evidert from the foregoing discussion that there appesr to
be adequate commercial instruments on the market which can be adapted to
give a relisrble indication of high-level contamination of water supplies.
The agsay of isotoplic contamination and the accurate determination of safe
concentrations of radioisotopes in water by field instrumente under emergency
conditions, however, does requirs scome further research and development

work. ©Such equipment will have to be made avallable in sufficient guantity

for extencive water analysec as soon after an attack as posesible.
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Figure 15. Relation of Doge Rate to Nuclide Concentration
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VIII. DECONTAMINATION OF WATER SUPPLIES

As discussed in Quarterly Technical Report #3 (see Appendix A)

-: radiclogically contaminsted waters have been subjected to decontaminatlion

;é procedures of both conventional end non-conventional nature. Of the six
radioisotopes of biological ilmportance, all have been found to be amensble

é to removal to some degree. The degree of treatment reguired has been
predicted in previous reports, predicated by the Maximum Permissible
Concentration for peacetime consumption of water or exposure over a con=-
sidersble period of time. These requirements are very unrealistic when
considered in the light of the occurence of & nuclear incident. The
removal efficiencies for the most part have been derived from laboratory
data on small volumes of water treasted under rigidly controlled econditions.
Of practical importance, only those data obtained by actusl treatment plant
operation are to be considered relieble on & major scale. BEven in this
respect, it must be pointed out that these data were derived from analysis
of water supplies which had been contamingted by long-range weapon debris.
It has been discussed elsewhere in this report that the long-range fallout
is more soluble than short-range or early fallout. It is for this reason
that we may expect full-scale operetions to be more efficient ir radio-
isoteope removal of early fellout, than the presently reported efficlencies.

It appears that water decontamination in the early phases of =

nuclear incident aftermath are not beyond .the realm of practical application
of the rasic sanitery cngineering principles of water treatment. The major

problem involved in weter decontamination will be the long-term exposure of

TR AR = -

the surviving population to concentrations of the long-halflived isotopes
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of biological importance. The reduction of these contaminents to deslreable

levels will constitute the primary long=-term problem to the water treatment

field, but is by no means an insurmountable task.

;
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IX. BODY BURDEN FROM CONTAMINATED WATER

In the analysis of body burden from continued ingestion of weter
contaminated with radicactivity resulting from nuclear attack, it has been
found that the development of a rational formula is desirsble. A formula
has been developed in this report which gives values of body burden com-
paring closely with those obtained by empirical means.

Many of the empirical values used 1in this analysis were Qerived
from animal studies, and may or may not be applicable to man per se;
however, the values obtained by formulas developed in this report are in
good generel asgreement with data collected from experyiments with men.

Data from man has been used wherever possible; unfortunately experiments
with man are not sufficiently comprehenisive to serve as the entire basis
of an enalysis.

The relation of body burden to many of the radioisotopes found
in fallout is not easily understood for short periods of time, that is,
vhen the study period is a very small fraction of the physical half-life
of the radioisotope. In this report, in addition to study of the immediate
effects, several cases are analyzed for periods of time in excess of fifty
years. (Figures 18 and 20)

Numerous studies have been made on the affinity of certain
types of tissue for particular radioisotopes. These selectivity studies
are of special interest to anyone who wishes to set up theoretical velues

vhich may not be exceeded without permanent dammge, that 1s, such values

L1 1} 1

as "Maximum Permissible Concentration," "emergene- limits,” ete. Although
it is not within the scope of this report to determine such values, it is
of interest to note that allowable body burden is the total concentration

of a given isotope allowed in the most critical organ. The most critical

AN AR el LS e o amnil ALN AR O N
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organ is that orgen which receives its demaging dose first during the chain
of biological processes.

The phenomerion involved in the rate of turnover of various isotopes
by a particular organ i1s of interest since this rate masy be equal to,

greater than, or less that the rate for the entire body.(TS)

A sample plot
of the eritical orgsn Ah versus physical half-life is shown in Figure 16.
Both bioclogical snd physical decey rates are considered in this
report. In order to demonstrate the difference in body burden levels ob-
tained by (1) considering only physical decay and (2) comsidering both
‘physienl and bpiological decay, l.e. effective decay, Ah values for both
cases aXe plotted in Figures 16 through 21 as curves B and A respectively.
An values plotted as curve A are parameters of the rate at which
the redicactivity level in the body is reduced by a combination of bodily
processes and physical decay. These An values are therefore parasmeters of

the effective decay rates of the various redioisotopes. The amount of any

radioisotope which passes through the body must further be releted to the

amount retained by the ecritical organ. This reletion is represented by an
fw value which gives the amount of a radioisotope teken up by the organ
critical for that isotope.

In the interest of generality we have developed a method of compu-
tation (using Al values) rather than a list of specific figures for & limited
number of cases.

No attempt has been made to evaluate cell damage resulting from
various levels of body burdens. It 1s obvious that the greater the body
burden the more extensive is the radiation damage. Examples are cited in

this report of some of the biological blocking processes which may be

applied to effectively reduce the body burden. These An values will give
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the highest burden resulting only from drinking contaminated water while
eating & normal uncontaminated diet and breathing uncontaminsted air.

With an easily derived scaling factor, however, these same graphs may be
applied to ingested solids. An vglues may be obtained either from foxmules

to be derived later in this section or from the graphs in Figures 16

through 21. The graphs are easier to use and are included as an aid to

R ey

Ci computation.

No limitations of physical death or early genetic death of the

individuel under study have been placed on the date shown here, since

g : voth these limitations require an analysis of damage. We cannct overlook
%" the possibility that at certain levels of contemination or consumption

@. physical or genetic death will limit the continuity of our deta, as will
% any departure from the size and age of & standard man.

g o Esteblishment of a Criteris

(a) The data to be presented should be in the most useful and
general form applicable to the subject matter.

(b) Analysis of damage that may occur at the various levels of
body burden is not to be attempted; however, comment regarding damage in
general will be incorporated to give depth to the conclusions.

(¢) The development of & rational method for evaluating the body
burden is to be outlined and explained. The correlation of the values

obtained by the use of this method and those obtained by empirical means

will be discussed.

(a) Assumptions should be as few and as reasonable as possible

in order to meintain the integrity of the data to be presented.

(e) All values used for the various calculstions shall be

those derived from the most authoritative information available.
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Assumptions

(a) The biological decay rate used is that of a standard man.
Since the ages and overall metgbolism of the individual will affect the
turnover and replacement rete of radioactive materials in the body, and
therefore the bilological decay rate, it is necessary to standardize these
parameters for the present study.

(b) The contamination of an individual's water supply takes
place all at one time, and no further contamination occurs. The analysis
of a fluctusting contamination level would require that we assume rates
of fallout, wind direction and numerous other meteorological conditions.

In order tc retain the generality of our investigation we have taken

a case in which weather and attack data were not applicable. An curves
may be added to each other if new contamination occurs (possibly from
fallout from a different burst or fallout return from wind reversal).

(c) The radicactive ccntaminetion of the water supply is :educed
only by physical decgy. This assumpticn is conservative in nature, since
it disregards entirely the amount of activity which might settle out or
be consumed by life forms found in the water supply, e.g. plankton, algae,
fish.

(d) Erfective decay rates, even if extrapolated from animal
data, are applicable to man. In the absence of experimental data on man,
the animel data used was the best available. It may be of interest to note
that many contemporary investigators are not satisfied with many of the
extrapolations of animal body burden data that have heretofore been accepted
as correct, or at least useable, for the case of humans.

(e) The daily intake of water is constant and takes piace

instantaneously. Virtually all of an individuasl's water intake occurs
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in sixteen hours, snd over hslf occurs in eight hours; however, the errors
associated with this simplification tend to be compensating if the individual's
drinking hebits are consistent. For reasons of generality we are forced to
consider that the men under study is a creature of habit. By drawing a

smooth curve through the dally An points we have essentially lntegrated

over the time periods between the daily values and have described a contin-
uous function as if the individual had spread his intake over the entire

day. The combination of the two effects results in a close approximation

of the actual build-up of body burden.

Development of & Rational Method of Analysis of Body Burden for Continuous

Consumption of Water Contaminated with Radioactive Elements

Based on the Gelger-Nutall Law of radiocactive decay we may say that the

amount of ectivity present at any time is equal to

At
! A = Ae P
' o

when only physical decay is considered. hp is the physical decay cunstant
for a particular radiocactive element, and AO is the amount of activity
iritially present.

Furthermore, if only biological decay 1s considered we may say

that

-th

A' = Ae
0

where hb is the bilological rete of elimination constant.

If we define "Effective Half Life" me the time required for a
radioactive element fixed in the tissues of an animal body to be diminished

by fifty per cent as a result of the combined action of radioactive decay
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and biclogical elimination, then we maey say that the effective half-life
L&(76)

Blological half-life x Radioactive half-life  _
Biological half-1life + Radioactive half-life eff

An effective decay constant (keff) may be defined:(76)

Let us essume iritially that for any activity taken into the
body the entire amount will be fixed in tissue. It is then apparent that
immediately before initiation of consumption of contaminated water, the body
burden is equal to whatever radioactivity is present as a result of pre-
vious activity. For the development of our argument we shall take this
initizl body burden to be zerco end correct it in later developments for
the case of initlal body burden not equal zero.

The following reasoning msy then by applied:

(1) Just before initiation of consumption activity in the body
equals zero.

(2) Immediately following the start of consumption the activity
in the body equals AO, what is, the activity per unit volume of the water
(pc/ml, atoms/gal, etc.) times the volume of water consumed. Since we
have assumed that the amount of liquid is congtant we may drop the volume
term and reincorporate it later in the development. Furthermore, by
considering AO equal to unity we will develop an equation which when
multiplied by the actual initial activity will give activity present at
any given day n. We wish to develcp & plot which is independent of both

amount consumed and initial activity, end is dependent only on the radio-

isctope in questicn.
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(3) Immedistely prior to consumption on the second day the body

burden would be

and just after consumption the body burden is

Appall) -A (1)
Al = Ae ST Ae P
1 o] . o

() Just before consumption on the third day the body burden

would be
“AN aal B g R 2 S50 NN N A
eff eff + Aoe P )(e eff )
and immedistely following ingestion, the expression for body turden way

be written

-A_ 1 ~A_ L =-A 1 -A 1 -A 1
= (Ae Ple P i(ae T Lae P e eff
) ) o

(5) Continuing this reasoning, a recursion formule is developed

of the form

-n\ .1 ~[(n-idn .+ A1
A = A e + e etf P + - -

+ (mbl)a 1 -nn_1 =ni\_ 1
e (aUn) .

- -+ + e ] -Ae P

However, rather than deal with the (n + 1) terms necessary to evaluate
this eguation at n days we simplify the equation as follows
P . of
A = ADb (=R
n o b -p

A pp(l)
where b = A e eff and P = Ao e
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(%) 'Whis general expression for A is the value plotted as
curve A in Figures 16 through 21.
77) We may now incorporate into our formula the portions of total
body “arden which have thus far heen neglected.
(a) Since we have considered A, to be unity, we may find
the total body burden by wmultiplying Ah by the true original activity,

A s &nd the volume consumed daily, D.
o true

atoms )

T 1it
boay (a OII'IS) D( ul EI'S)

liter day

Therefore Body Burdeny (

Ao true

days of consumgtion)

An ( body

(b) The assumption that all the activity taken into the
body is immediately incorporated into the intestine is highly improbable.
We may however, consider the amournt incorporated into tissue as a fraction
of the ingested activity reaching an orgar (fw) and multiply the body

burden of (&) above by fw to obtain a more reasonable value.

Thus Body BuféenII = fw X A0 true X D x An

Some values of fw f'or isotopes under consideration are given in Table
(e¢) While reducing the body burden by the factor f,, we have

neglected the activity, , which is present in the intestinal tract

st
on day n. This activity is an addition to the body burden, therefore:

Body BurdenIII = fw X AO trge ¥ D x An + AGI

where by the reasoning and definitions previously expressed

-xp(n-u.es) -1.250
—_ - .
AGI = (1 *w)(Ao true © ) (e




«145-

Since the time required for ingested material to pass through the body

is 31 hours or about 1.25 days, the AGI term is strictly transitory.

It may or may not be negligible depending on the period in which it takes
place. On the first day, for example, it would be the largest portion of
the total, but by the time the fractional half life (n/T%) is equal to
one, the AGI term may in some cases be considered negligible. (n equals
time in days since beginning of consumption and T% equals radiocactive
physical helf-life in days.)

(d) The only term still missing from the mathematical expression
is that for the activity present in the body at the time drinking of
contaminated water sterted (AI). That which was already present in the
tissue at time of initial ingestion will, after n days of effective decay,
equal

effn

A
by = e

Thet present in the gastro-intestinal tract at the time of initial ingestion
will give an additional activity equal to

A I

eff
Ax = fw x.AGe

where AG is the pre-ingestion activity in the intestinal tract.

(8) After combining the various components, the expression

for body burden from any particular radioisotope &t day n may be written:

-A (n-1.25) -1.25xb
Body Burden = (fw)(Ao true)(D)(An) + (l-fw)(Ao truet P e )+

-}\Effn 4
(AI * fwAG)e = (fw)(Ao true)(D)\An) * AGI * AT * AX
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The full explanation of this development has been presented in
order to allow the user of the quations to decide which, if any, terms
may be neglected for any sypecific analysis. Should the individusl in
guestion be an average U. 5. citizen who has sought shelter during an attack,

the term
AI + fwAG e or AT + AX

will for practical purposes equal zero. As previously noted, the value
of AGI will generally be negligible after a relatively short pericd of
consumption. If the (AT + AX) and A, terms are dropped, the practical
expressinn for body burden is (fw)[Ao true)(D)(An). The AGI term, however,
uey be of major importance when the physical half-life is much grester
than the effective half-life.

It must also be stressed that to evaluate the effect of AGI’
AT and AX on any individual that individual's history of exposure to
radiation must be known. It is only by thorough knowledge of the develop-
ment of this rational method that one may make a reasonmable calculstion of

body burden.

Reduction of Body Burden by Blocking

Tt has been found that in certain cases upteke of radioisotopes
may be reduced by biological blocking. For example, by administering a
soluble, non-toxic, inert compound of iodine one cean prevent uptake of
radioactive iodine by the thyroid. Ten to one hundred milligrams of
potassium lodide taken at one time will prevent the uptake of any more
iodine, radioactive or otherwise, by the thyroid for sbout one week, To

continue this effect, it is believed that an additional 200 milligrams eveiy

two days would be required.(77) Blocking lowers the value of fw in body

W et st oo R

e e bt e
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In the case of Strontium 89 and Strontium 90, which behave like

caleium, it is believed that blocking may be completely or partially

accomplished by consuming a calcium compound far in excess of normal
requirements. This is, however, a conclusion made on the basis of extrapo-
leted data; the only case in which it has definitely been proved that blocking
is effective is that of iodine.

Should the body be initially deficient in & given stable isotope
(possibly from deficiency of a commen mineral in the pre-ingestion diet)
the value of fw for the radioactive isotope of that mineral or s chemically
similar mineral may be increased because of the increased affinity of the
body for that mineral.

Blocking should not be considered & panacea to the problea of
body burden, since it may result in the cure being worse than the disease.
In the iodire example, for instance, the prescribed =—nunts of potassium
lodide constitute a daily lar .t of iodine into thr od me thousand
times normal. Although it is belleved that for t. jority of the U. S.
population this treatment would not be harmful for twe - three weeks,
the secretion rate of the thyroid is decressed. Extended treatmeat will
produce other still more harmful side effects which have not yet been
fully evalusted. Blocking, however, nay play an important role in com-
puting body burden values and should not be overloocked when selecting
fw values.

Discussion

(1) In Figures 16 through 21, curve A gives the =alue resulting

from the effective decay rate. Curve B, included for purposes of comparison,

represents the rate at which physical decay alone takes place. It seems to
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point out that because of the body's tendency to eliminate certain radio-
isctopes, or not to incorporate them into tissue at all. boay burdens are
significantly lcwered.

(2) Tuble XXIV gives a fow selected values of T, for six
radioisotopes and various organs. These sre values which result from a
normal uncontaminated diet. Values of fw may vary from this table according
to the excess or deficiency of certain minerals in the body. DNote that the
concentration of specifle isotopes must be known before body burdens can

be computed.

Table XX

Selected Values of fw for Various Organs

Isotope Organ fw
Sr89 Bone 2.5 % lO-l
570 Bone 2.5 x 107+
RulO6 Kidney 2.0 x 10°7
13t Thyroid 2.0 x 107F
Csl37 Whole Body 1.0 % lOO
cst3T Liver 4.8 x 1071
Baluo Bone 7.0 x 10-2

Notes:
(1) The f, values shown are for critical organs. The critieal
organ will determine the An gince it ig the one used in computing Keff'

(2) The f,, value for the entire body is the summation of f_

values for all the individual orgens concerned.




NOTE: Curve A = A_ values for criticual thyroid and
: total body.

Curve C —~ A_ vaiues for sub=critical ergans
{liver and spleen). -
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Figure 16. An versus Time for Todine 131
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XI. GLOSSARY

empirical constant for sublimatlon or vaporization reaction
radioactivity after some period of decay

radioactivity already present in the Intestinal tract at time
of ingestion of contaminated water

radioactivity present in the intestinel tract at some time after
ingestion of contaminated water

radioactivity already incorporated into body tissue at time of
Ingestion of contaminated water

s paremeter of the effectlve decay rate in the body of a given
isotope

initial rediocactivity per unit volume of contaminated water
taken into the body

(o £ Nk)

by

[—=] a
1012 7]

rediocactivity present in body tissue resulting from decay of
that activity initielly present in tissue (AI) after some time
of effective decey

activity at time t

activity, in disintegrations per second, of the radiocnuclide
in e target, after the nuelide has been removed from the flux
for a period 6;

radioactivity incorporated into tissue from that activity originally
present in the intestinal tract (AG)

cloud horizontal semi-axis

firebell horizontal semi-axis at ground zero

fireball horizontal semi-exis at Z

empirical constant for sublimation or vaporization reaction
ratio of fission to total yield

radiocactivity incorporated into body tissues as a result of
ingestion of radioactivity

cloud vertical semi-axis
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GLOSSARY
(Continued)

fireball vertical semi-axis at ground zero

firevall vertical semi=axis at Z

empirical constent for sublimstion or vaporization resction
instrument response factor

deily water intake, volume

exposure doge

decay correct ion factor for H + 1 hour

fraction of device contour ratio

fission-product contour ratio

thermal flux in neutrons per square centimeter per second;
fugaeity of the element in the liquld phase

a coefficient releting ingested radioactivity to Body Burden
acceleration due to gravity

cloud center height

fallout intensity at time t

air ionization rate per fission at 3 ft above an infinite,
ideal plane for a uniform distribution of the normal fission
product mixture

elr ionization rate per fission at 3 ft above an infinite,
ideal plane for & uniform distribution of the condensed
fission product mixture

alr ionization rate per fisslon at 3 ft sbove an infinite,
ideal plane for a uniform distribution of the neutron induced

activities

relative abundance of the isotope from which the radionuclide
is formed

erbitrary constant
fireball horizontal semi-axis expansion constant
fireball vertical semi-axis expansion constant

Henry's Law constant
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GLOSSARY
(Continued)
kj/[n(ﬂ)fV]RT
inverse time constant
mass contour ratio
mass of fallout per unit aree at any downwind distance, X
mass
disintegration multiplier
the total number of atoms of the element in the target;
nunber of atoms, or moles, of fission products per unit areea
mole fraction of element J in the liquid phase
mole fraction of element J in the vapor phase

number of atoms (of the end member of mass chain and condensed on
the outside of the partiecle) which land per square foot of ground

number of moles of vapor
total moles of liquid carrier
abbreviation of nJA(t)

amount of element J condensed on the surface of the solid
particles

amount of element j in the vapor phase

o
abbreviation of nJA(t)
number of moles of element ] with mass number A dissolved
in the n(£) moles of 1liquid carrier, which is the particle
in the liquid phase, prior to colidification
number of moles of element j with mass number A, which is
mixed with moles from other mass chains to form n moles of
vapor and not condensed in the liquid carrier

emplrical constant in particle falling velocities relation

sublimation or vaporizotion pressure

partial pressure of the liquid
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sublimation pressure

(yg A/YS) Pg

empirical constant in particle falling velocities relation
terrain shielding factor

molar gas constent

initial fireball spherical radius

fractionation number of the first period of condensation
fractionation number of the second pericd of condensation
gross fission product frectionation number

absolute temperature

half-1ife of the radionuclide formed

time required for & radioactive element fixed in the tissue
of an animal body to be diminished 50 per cent as a result
of combined action of physiecsl decay and biological elimination
radioactive (physical) half-life

time of irradiation

time

time of arrival for particle falling out of the cloud
time of cessation for particle falling out of the cloud
particle falling time in the fireball

particle rising time in the fireball

molar volume

average particle falling velocity

wind velocity

instantaneous particle falling velocity

weapon yield in kiloton TNT units

longitude sxis in ground coordinates system

longitude axis in cloud ccordinates system
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GLOSSARY
(Continued)
Y latitude axis in ground coordinate system
YA total amount of radionuclides for the entire chain yield of
mass number A
YJ(t) total amount of radionuclides of element J present at time %
Yg total number of atoms of element J of all mass numbers
Ym meximum half.-width of the crosswind distance on a 1 r/hr
contouxr
y latitude exis in cloud coordinate system
yJA(t) amount of redionuclides of element J and mass number A
present at time { after fission
: yo nurber of atoms of element j of mass number A not condensed
=4 JA \ .
/2 in the liquid carrier
; Z altitude axls of ground coordinate system
_f Z, yield deperdent multiplier in fireball altitude equation
1 2 altitude axis in cloud coordinate system
'5'; 2, smallest intercept of particle falling slope with cloud
1 Z, largest intercept of particle falling slope with cloud
o particle size parameter
am maximum or minimum
a X/h
xb a constent expressing the blological rate of elimination of
radioactivity
Keff a constant expressing the rate of attenuation of radiocactivity
in the body as a result of both physical decay and biological
elimination
X disintegration constant; the fraction of the number of atoms
P of a radiocactive nuclide which decay in unit time
o activation cross section in square centimeters for 2200 m/sec

neutrous

e time of decay
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AFPENDIX A

Exgcerpts from Quarterly Technical Report #3

F. Preliminary Fvaluation of Water Supply Contamination for Selected Cities

1. Introduction

In order to have some basis for evaluating the relative hazard of
nuclear fallout to the water supplies of different cities, attacks have been
assumed on each city thet would result in the same intenslty over each
watershed involved.

From this, the contaminstion of the water due to the suluble portion
of the fallout has been calculated for H + 1 hour. Simplifying assumptions
vere made in regerd to an average intensity over the specific watersheds and
23 to the time factors involved. These assumptions were made to provide a
basis for the calculations of the activity concentrations shown in Table IV.
These values are shown principally to demonstrate the approach being taken
and to give en idea of the maximur comtamination that could be expected
immediately following a nuclear emergency.

The approach to be taken in future study will be more specific.
Factors thet will be taken into account to give somewhat more reasonable
values, will be: (1) a realistic superimposition of intensity contours upon
the specific watersheds with regard to seasonal wind directions and target
sites, {(2) consideration of deccay factors to give expected activity at times
later than 1 + 1 hour, (3) considerstion of watershed characteristics such
as runoff coefficient, feed-stream velocities, reservoir draft, transport
phencmene, and reservolr mixing properties, ‘4) integration of intenaity
contours to give a more precice value for specific isotopic mctivities on
the watershed srd {5) a conversion of irtensity to activity for sites off the

downwind zxis employing a knowr relationchip to *he predetermined values

directly downwind.
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Tebie IV

Activiby Toncentrations in Water of Selected Isotopes
Following 5 MT Nuclesr Attacks

Redionueiide CGorcentration in Watey (uc/mi)

ity Jaze® g».89 Sr-90 R1-106 I-131 Cs-.37

cenver T 2.7x1070 2.4 x 1077 3.0 % 1070 3.0 x 107 1.9 x 19
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By employing the aforementioned characteristies and variables, it is
believed that activity concentratlions will be reached that would approach a
realistic case.

2. Calculation of Activity Concentration

The calculation of concentration of activity used in the preliminary
study is based upon & consideration of the ares of the water surface, the volume
of water, and the total watershed area. In the case of Duluth, Mimnesota, where
the entire municipal water supply is obtained from Leke Superior, only the depth
of the lake at the inbtake point was considered.

Current informetion on the characteristics of the watersheds was obtained
in each case from officials of the municipal water supply system involved or
their engineering consultants., Data used in this report is tabulated in Table VI.

TABLE VI

Charecteristics of Watersheds Serving Selected Cities

Total Watershed Total Water Total Water

City Area (£t.°) Surface (£t.2)  Volume (liters)
Denver, Colo. 8.29 x lOlO 4,36 x 108 2,3k x lOll
Houston, Tex. 7.84 x 10™° 7.85 x 10° 2.50 x 10%%
New York, N. Y. .24 x 10:LO 1.37 x 109 1.90 x 1012

. . 9 T 10
Springfield, Mass. 1.30 x 10 1.68 x 10 1.97 x 10

As an example of the procedure used, the derivations of the concentra-

tions in the Denver, Colorado water supply prior to any municipel treatment are

presented here in detail.

The other cities listed in Table TV were analyzed in

the same manner as Denver, except for Duluth which is presented separately.

Denver Case I

In case I, only that radiocactive fallout deposited direetly on water

surfaces was considered as the source of the water contamination.

assumptions were made prior to the caleculation.

The following
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1. 5 MT bomb attack.
2. Wind sypeed of 15 mph.
3. An intensity of 5,500 r/hr over the entire watershed.
4. Complete homogeneous solution of the soluble portion of the fallout in the
water within one hour.
5. A ratio of soluble radicactive atoms per square foot to intensity was
chosen as that value for each isotope at 51.5 miles directly downwind.
6. That there will be no change in concentration of radiocactivity either due
to reservoir draft or feed-in.
7. That only Sr-89, Sr-90, Ru-106, I-131, Cs-137, and Ba-1LO would be considered.
8. That the volume and area of feed streams will not affect the final concentra-
tion apprecisbly.
The soluble sectivity density, for each of the six isotopes being con-

sidered, in atoms/ft2 was calculated as follows:

Given: I(1) = 5,500 r/nr,
*
N, (89)
_%TTT_ = 6.17 x 1010 atoms/ft%/;/hr,
1, (50) 10 2
Sy - Welx 107" atoms/ft /G/hr,
*
N, (106) /
_%TTT_' = 4.87 x 10" atoms/£t° r/hr,
N, (137)
—LI'L(E— = 10.7 x lO:LO atoms/fte/ r,’hr,
m, (137)
}
—%rij—— =  §9.19 x lOlO atoms/ft%/;/hr, and
I, (140) Lo .
T - 12.4 x 10 atoms/fti/;/hr,

where the subscript 4 is the value of the particle size parameter, ¢, corresponding

L S D e AT S s
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to the downward distance,
*
By multiplying 5,500 r/hr by Nh(A)/I(l) for each isotope, the total
*
number of soluble atoms of each isotope per square foot, NA(A), will be obtained.

This value for each isotope was found to be as follows:

N, (8) = f%gA) (1)

Ty
N,(89) = 3.h0 x 10% atoms/et?
NZ(QO) «  6.10 x 10 atoms/£t?
Ny(106) = 2.68 x 10 atoms/rt?
Mi(131) = 5.89 x 10" atoms/st?
N:(lBY) = 5.05 x 102 atoms/et?
M(150) = 6.82 x 10™ atoms/rt?

*
Multiplying the NA(A) value for each of the isotopes by the total arca

of water surface will give the total number of atoms, N(A), of each isotope in
soluble form, deposited in the weter.

N:(A) X Area = N(A) atoms

4

o)

22

¥ N(89) = 3.k0x 10™ x 4.36 x 100 = 14.8 x 10°° atoms
';~ N90) = 6.10x 10™ x 4.36 x 10° = 26.6 x 10%2 atoms
: N(106) = 2.68 x 10™ x 4.36 x 10° = 11.7 x 10% stoms
n N(131) = 5.89 x 101“ x 4.36 x 108 = 25.7x 102 atoms
3 N(137) = 5.05 x 10M x 4.36 x 108 = 2.0 x 10%® atoms
. N(140) = 6.8 x 101lIL x 4.36 x 108 = 29.7 x 1072 atoms

Thus knowing the total number of soluble atoms of each isotope; division by

|
|
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the total water volume, V, in liters will glve the concentration of each isotope

in atoms per liter.

6p = N(A) etoms (1)
Vv T1iter ok
C* - 4.8 x 1022 = 6,33 x 10ll atoms/liter
89 5.3% x 10+
o . 26.6x 1072 = 11.L x 10" atoms/Liter
x 2.3 x 10ll
o L .7 x 1022 = L.99 x 10t atoms/liter
106 5 a4 10
* 25,7 x 1052 1
0131 = . T = LL.0x 10 atoms/liter
2.34 x 10
C* _ 22,0 x LQEE = 9.40 x 10+ atoms/liter
137 2.3 x 10+
. 5 20 L
9.7 x 10°° = 12.7 x 107 atoms/liter

5.3 x 10°+

We may now convert the activity in atoms/liter to microcuries/milliliter

(uc/ml) by using an appropriate conversion factor for each isotope.

First, to change from atoms/liter to disintegrations per minute per liter,

dpm , the following relationship is used.
2

¥*
Cn a CA?\. (22)

Where: C_ = Coi:entration of activity in dpm/ .

3
C, = Concentration of activity in atoms/£, anc

A = Charecteristic %ime constant defined by the equation

N oa 2593
T1/2

Where: T = physicsal half-1life of the specific isotope in ainutes.

1/2
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Since there are 2.22 x 1012 dpm/curie, a constant for all 1sotopes,

division of Cn by this value will give the concentration in curies/liter.

C C.A
¢ = o = A

¢ 2.20 x 10 2.05 x 10

12

where Cc is +the concentration of radiocactivity in curies per liter.
z Multiplication of Cc by lO3 will convert curies/liter to microcuries/

miliiliter. The entire conversion factor for each lsotope is then

2.22 x 109

The conversion factor, KA’ for ezch of the six isoctopes being studied

mre Kgg = .25 x 1071

Kgo = 2.12% 1077

% Kiog = 595 % 10716

.3 Kig = 2.72x 10°1¥
: Kjgp = 1.93 x 10717
Ko = 170 x 16714

) By multiplyinz each conversion factor by the respective concentration

of each izotope in atoms per liter, the following values were obtained.

¢(89) = 2.7 x 107> pe/ml
c(90) = 2.4 x 107 pe/ml
: ¢(106) = 3.0 x 10™* pe/ml
¢(131) = 3.0x 1072 ue/ml
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5

¢(137) = 1.9 x 10"° pe/ml

¢(140) = 2.2 x 1072 pe/ml,

Case IT

In this case the soluble fraction of the fallout particles deposited over
the entire watershed was assumed to have been transported to and homogencously
dispersed in the streams and reservoirs. Other assumptlions were the same as
for Cagse I, To continue the Denver example, in Case II, the watershed area of
8.29 x 1010 fte was multiplied by the Ni velue for each isotope to give the
total number of atoms of each igotope. The remaining calculations were carried

out in the same fashlon as for Case I.

Duluth, Minn,

The entire water supply for the city of Duluth is obtained from Lake Superior,
and hence, this situation is different from that at the other cities studied. The
Duluth intake line extends out 1156 feet into the lake and terminates at a lake
depth of 72 feet. The fallout deposited over this intake was considered to be
evenly dispersed throughout this depth of water, and from this assumption the
number of stoms per unit volume and subsequently the activity in uc/ml wes calcu-

lated.

5+ Coneclusions

In all of the cases thus far studled, the time factor has not been considered.
Even at an agsumed wind veloeity of 15 miles per hour, a number of hours would
have tu elapse hefore the arrival of particulate matter at the far reaches of &
distant watershed. Fven if the material landed directly in the water, much more

time would be involved in transportation in streams end through reservoirs to the
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intake of the water woxks. Thersz would be further delay in getting into streams
those particles deposited initially on dry surfaces. Another delay would be in
the occurance of rainfall of sufficiznt intensity to dissolve and/or wash this

material into streams. All of this time will sllow radioactive decay to proceed

thus ameliorating the hazardous effects of the fallout.
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Decontamination of Water Supplies*

b

1. Removal by Conventional Water Treatment Processes

Conventional municipal water purification processes generally include
seragtion, chemical coagulation with sedimentation, rapid sand filtration snd
chlorination(79). To a lesser extent, lime-sods &gh softening and slow sand
filtration are used. Except for seration, the processes are capable of removing
radioactive contamination to some degree, elther singularly or in combination.
The decontamination capebility of each type of process is discussed separstely
below, with particular reference to the six elements, barium, cesium, iodine,
lanthanum, ruthenium and strontium.

8. Chemical Coagulation

The most common coagulants in water treatmert, aluminum and iron selts,
form aluminum or ferric hydroxides which precipitate as floc. The chemical
floc acts as an efficient scavenger by adsorbing, entrapping or ctherwise
bringing together sucpended matter, particularly thet which is colloidal in
nature. The artificial increase of the alkalinity in water may alsc form the
hydroxides of heavy metals, which co-precipitate with the aluminum or ferric
hydroxide.

Coagulation, followed T, sedimentation, has been extensively studied by

(80)

ORIL with reported removals of only 36% and 51% for Cs and Sr, respectively.

It appears that the method is effective for the removal of suspended or colloidal
material and for most cations of valence 3, 4 or 5, including the rare-earths
group. Removals in excess of 98% have been reported for P-32 as the

’ 4
orthophosphatekal)‘ae).

Removal of Fa, T and La by cosagulation was investigated by Lacy(83),

with & maximum of 70.7% found for both Ba and La, but only 45% for I.

* References begin on page 155.
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(8k)

Mat sumura states that Ru can be removed up to 92% by chemicsl
coagulation.

b. Rapid Sand Filtration

The amount of rediocactivity removed by filtration will very depeniing on
the nature of the material. Y &ud Zr, probably present in the colloidal state,
were removed from up to 93% by sand filtration alone as reported in & come
prenensive ORNL report(ao), whereas materials such as Sr (4%) and Cs (50%)
present in true solution, were not greatly reduced by passage through send
filters. They further reported that Ba and Ia could be removed up to 95% sad
4%, respectively.

No data were reported on the removal of I or Ru by rapid sand
filtraetion.

c. Chlorination

(85)

Hannah, et al studied various methods for the removal of I-131
from water, and found that small dosages of chlorine in the presence of 100 ppm
activated carbon produced up to 80% removal. The authors(85) concluded that
the only effective method found for removing I-131 with materials normally
aveilsble in water treatment plants involves chlorination followed by adsorption
of liberated iodine on activated carbon. The optimum chlorine dosages were
guite small, i1.e., 0.05 to 0.1 ppm. The removal of I-131 decreases to less
than 20% when the dosage of chlorine increescs to lppm. Therefore, normsl.
pre-chlorination employed by the water trestment plant could not be used for
iodine removal because the chlorine residuals would generally exceed the re-
quired dosage for activity removal. GCtable iodine, in dosages greater than
0.01 ppm, inhibited removal of TI-131 with chlorine and Aqua Nuchavr A

(activated charcoal). Variation of pH, achieved by adding sulfuric scid wnd

gsodium hydroxide, was found to have 1i+tle effect on the removal of iodize

by chlorine and activated charcoal.

RO - |
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d. Lime=Soda Ash Softening

Softening plants remove excessive emounts of scale~forming, soap-
consuming compounds, chiefly comprised of the cations of calcium and magnesium,
by the addition of lime and soda ash which precipitates calecium as a carbonste
and megnesium as a hydrate. Because of the similarity in the chemical properties
vetween strontium and caleium, the former ion is co-precipitated. For most
satisfactory removals of strontium, Hoyt 8c) found that excess dosages of both
lime and .soda ash were required. Removael efficiencies of 99.T7% @) are
possible under favorable conditions. Other isctopes which can be effectively
removed by the lime-sode ash are: Ba, Cd, Y, Se, Zr and No. The removal of Ba
(99%) and Ia (90%) was reported by McCsuley, et al ©7). omvn ©8) reported
that Cs could be removed by lime-soda softening, dbut not efficiently (25%).

e. Slow Sand Filtration

Downing, et al €2) reported that the slow sand filter was very
| 3 effective in the removal of radicstrontium in the first few days of operation,
but that the efficiency decreesed rapldly and essentially drops to zero at 1b

- Q)
days. In snother paper, prevented by Eden, et al (s0)

, on experiments carried

' out in the same Water Pollution Research Leboratory in Britain, the slow sand

. ? ' filter appeared to be effective for only a few hours. The activity of the
effluent rose steadily and reached 30% of the initial (unfiltered) water in
one day, 70% in 2 days, and 95% after 7 days. Eden, et al (90) also reported
that iodine was not efficiently (50%) removed by the slow sand filter.

2. Removel by Non-Comventional Treatment Methods

Below mere listed several methods of decontamination of water not
comnonly employed in nunicipal treatment plants. Economic considerations may
1limit the use of many of these methods, except in emergency cases.

a. Ion Exchange

A few water treatment plants use ion exchange as & softening measure.

" g Resins have been found to provide one of the most effective methods of
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decontamination. Over 99.9% removal of Ba, Cd, Ce, Cs, I, La and over 99%
: 1
removal of P and Zr was quoted by ORNL (80)) and Amphlett and Sammon Gr)

reported work using mixed beds. A decontamination factor of lOL" to ZI.O5

may be
achieved if leskage is eliminated ©=) . The natural greensands, used in

some municipal softening installatione, are not effective in the removal of
anions.

Although the ion exchange process offers one of the most promising
methods for removing radio-contaminents, the cost may preclude widespread
application unless suitable regeneration technigues are developed,

The possitility of using home water softeners, of the ion exchange type,
e e e ©2)
has been discussed in the literature .

b. Phosphate Coagulation

Feceuse the conventlonal method employing alum or iron salt as the

) (9L
coagulant does ncht effectively remove Sr and many other isotopes, Lauderdale o)

investigated phosphate ccagulation as a meens of increasing removals. A more

=3
comprehensive study was made later by Nesbitt, et al 8 ) Based on the

theoretical considerations, as well as experimental observations, Nes'bi‘bt‘{;ﬁ ;
concluded that the mechanisme of the removal of radioactivity are coprecipitation
and adsorption. Nesbitt reported a 98% strontium removal. The three varimbles
whici. were fouad to exert the greatest influence on cosgulation were pH,
zalcium concentration, and phosphate concentration. Careful control of these
variables was necessary to achieve optimum strontium removals.
Tamira and S‘trumess(g:s) reported that low cost natural phosphates
could be used iun plaze of sodium phosphste. The authors reported that over
9C% remcvals were achieved with these minerals.

Removal of 87.8% for Ba, 98% for La and 85% for Ru have been reported
by Matsumurs (E'\L ) . Uoweer ef al ¢ :) report only 35% removal of Cs ucing

phosphate coagulation.

[
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¢. Modified Coagulation and Lime~Soda Ash Softening

At leest two modified coagulation processes have been studied, one of
which is the continucus addition of clsy. One modification of the process is
the addition of small amountes of silver nitrate o increase the removal of
icdide. The removal of 95.5% I-131 has been reported by Bden, et aléﬁa).

(89)

Lacy and de Laguna report removal: s 99.7% for Ba end Cs, and

Q7
97.4% for Ru when coagulation is supplewccsed by clay addition. Cowser, et al’y’)
uaing a lime-soda ash softening process with the addition of clay, reperted
ruthenium rexovals of 7H%. The removal of cesium averaged 86% with clsy doses

of 200 ppm.

d. Metallic Dusts

Lacycﬁx» conducted laboratory Jjar-test studies for the removal of
radiocactive contaminants by employing various concentrations of powdered
ajuminum, copper, iron and zinc., In general, highest removals were obtained
with iron powder. Removals of 37.2% of I were reported (80). In 1962, a

patent was grented to Silker (lcl)for removing.P, As, Mn, the rare earth metals,

and actinides from aqueous soluticns by sorption on particies of aluminum metal.

e, (lay Materials

(61)

10370104}

Tala )
Straub, et al and others o2, reported the use of verious

Lypes of clays (kaolinite, montmorillonite and shales) for the removal of
specific radioisotopes from water and waste solutions. The clays were found
to be especielly suitable for the removal of (s, Zr and Ib. With the addition

(80)

of 5,000 ppm of clay, removal of over 98% of Us was reported Amphlett and

(1) reported 95% removal of Sr. This method csn not be economiecally

Sammon
Juetified because large volumes of clay must be handled both initislly and as
£ novtaminated sludge. This method has lts greatest potential use vhere
geologic and hydrologic conditions are such that the grouvnd itself may te
(107,106)

1nzed for disposal of the sludge. Studles have also beern made on the
use of =zlay for high level waste disposal by fixing specific radicisotopes

lote clay by mears of high temperature treatment.
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f. OxidetioneReduction

This method was especially designed to improve Ru removal. Ruthenlum
ig often present in the form of & nitrosyl-ruthenium complex which is difficult
to remove by coagulatlon procedures. An approach to the problem, described
by Amphlett and Sammon (.91), involves pre~treatment with an oxldizing agent to
destroy the rathenium complexes, followed by a calcium phosphate-ferrous

phosphate floc in the presence: of NeHS0.. to maintain the yruthenium in a

3

reduced form. As high as 99% of ruthenium was removed when 100 ppm N&z.HSO3 was

used.

&, Foaming

A foam separation technique, based on surface activity phenomena, was
recently developed by Radistion Applications, Inec,, Long Island City, New York(w?) .
A reduction of the concentration of radioactive strontium-90 and cesium-137
from 1.0-5 to 10'12 molar in low-level nuclear waste was claimed. The concene
tration of the foaming agent is one of the most critical factors in determining
the separstion factor (surface adsorption factor). A detailed discussion of
the theory as well as experimental observetions of the foam separation technigue
was presented by Schoen and Mazzella 0'08).

Ls.cyw investigated the flotation process in 1957 and reported
romovals of up to 78% for Ba-140-La-140, 85% for Cse137, T4% for Ru and 68% for
Sr-90. These studies were conducted using cetylpyridinium chloride as the sur-

face-active agent and foaming by aeration.

3. Emergency Methods for the Decontemination of Radioactive Water

According to the literature, very few emergency decontamination units
are now available for municipal use, although the U.S. Army has developed
several mobile units which could find wide application for public use. Several

smaller decontamination units are commercially available, most of which employ

ion exchange technigues.
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Supplementary treatment to the conventional water treasbment processes

would probably be the most efficient means of supplying potable water to a

large number of people, following radiocactive conbamination of the water.

a. Municipal Size Decontemination Urnits

Woodward and Robeck (10) report on an ion exchange process that mey be
uced to supplement the normal water trestment procedure. An ion exchange
column ir the form of a cartridge iz inserted into the sysbem, and iz disposed
of after treskthrough occurs. The type of resin will vary according to the
time sfber detonation that the water will be pub into use. A mixed-bed resin
will be nezessary for immediate use of the weber, whereas a cation resin will
suffize for Zongsterm isage, due to the decay of short-lived iodine~131.

The life of each iou cartridge will depend pon the “ohai solids present.

Although large, centrally located, decontaminetion ucits are more
exonomical, smaller decentralized units woull be preferable as the probiem
of water distribution would be lesrened.

t. Field Deconbamination Uri%s
(i)

The T.S. Army ¢y has developel sevearal mobile deconbtamination
units primarily for use by troops in the field, bput theze could also be used to
supply water for smaell populstion groups in case of nuclear attack. One such
wiit is comprised of a flocculabor, filters, duasl-ted fon exchsnge column

ané & chlerinator. The encire unit is mounted on two 2»1/2 ton truc: . A
1,500 gph output is obtainable. Regezeration of the ion exchange resins is

effected by hydrochioric acid and soda ash.

¢, Migcsllaneous I'econtamination Units

wamotte Uhemical Company has developed a mixed ioa exchange resin

ved ;1.0, vhick has been found useful for <he decoutamination of radioactive
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water. The unit consists of a bed of Amberlite resin MR~3 (IR-120 and IRA-410)
and is cepable of producing 10 gallons of water of triple distilled quality.

A unit developed by Lauderdale and Emmons ) consists of twin
columns of steel wool, burnt clay and activated carborn in one column end a
mixed bed ion exchange resin in the other. Approximestely 30 liters of water
can be decontaminated with an efficiency exceeding 99.9%.
Nease a5 and Lacy 019 describe a method of radiosctive water decone
tamination whereby the water is pessed through a column of natural materials,
such as clay, leaves, humus, gravel and sand. Removels of over 90% were
reported. The problem would be to cbtain uncontaminated materials from the

environment for use in such a column.

4, Discussion and Couclusions

The more important radioisotopes that appear initlially in contaminated
water are Ba, Cs, I, T2, Ru and Sr. Iaboratory data indicate that the
combination of conventional water treatment methods, namely, chemical coagu-
lation, lime=-soda ash soft-ning, and sand filtration, is capable of removing

9% strontium, The removal of 95% icdine can be accomplished by the addition

of silver ions. O86% cesium car te removed by the lime-soda ash softening procedure

vwhen proper amounts of clay are added.
The efficiency of gross activity removal lies generally between 50 and

75% in plant scale operationauj).

The lower plant scale efficiencies, in
comparison to the laboratory results, are believed to result from the fact
that: {a) orly one or two decontemination processes, among those mentioned,
are employed by the usual water treatment plant, and the operating conditions

may not be opbimized; and (b) in the laboratory, the radioactive materials are

gererally present ir the form of simple salts. In contrast, the radiomctive

5 imnd
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materials reaching the water treatment plart are generally believed o be in
chemical forms which are more difficult to remove because the portion which is
readlily removed has already been eliminated by natural decontaminstion
mechanisms before reaching the water plant. Setter and Russellqjﬁa stated that
éi the longer the activity has been subjected to natural purification, the more
gifficult it is to remove the remaining soluble activity by coagulation.

T+ should be pointed out here that the decontamination data reported

in the literature, both on lsboratory and plant scale, are based on one of the

R e R

following three sources of radioactivity:
(1; added radicactive salts
(2) 1low-level radiomctivity waste

(3) 1long-range (world-wide) fallout from atomic bomb tests

The chemical and physical characteristics of radicactive materials from
any of the above sources is different from that present in loecal fallout. The
latter is characterized by its low water solubility of 1% to 2% in comparison
+£0 the 50% or higher solubility of radicactive materials of the above three
categories. Low water solubility generally will increase the removal of local
fallout by conventional water treatment methods which are efficient in dealing
with particulate or colloid materials.

The maximum decontamination factor for each of six selected elements
gbove are listed in Table X, Thece values are based on the best avaeilable data
in the literature. It is emphasized that the percentage of removal is greatly
dependent on the chemical form and physical state of the redicactive element as
Y well as the concentration of the treatment additives and other related conditions
l such as pH and temperature of the water. As an example of the decontamination

factors required to reduce activity to the MPC, based on hypothetical

\ T T
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Table X

Maximum Decontamination Factors Reported in the Literature for Selected Tsohope:s

gzggzgami- Decontamination Factors (D.F.) and References
Method Ba-140 Cs-137  I-131 Ta-140 Ei-106 Sr-89,90
1. Chemical 3.k 1.5 1.8 3.k 2.5 2.0
Ceagulation (83) (80) (83) (8r) (8h) (80"
2. Lime-Soda 107 1.3 KR ;ol IR 3.3 x 100
Softening (87) (88) (87) ’89)
3. Rapid Sand 2 x 108 2 VK 3.8 NR 1.0k
Filtration (80) (80) (80) £89)
k. Ton 10* 10* 10 103 MR 3.3 x 10°
Exchange (80) (80) (91) {80) 182}
5. Phosphate 3.2 1.5 MR 5 x 10" 6.7 LS % 10
Coagulation (84) (97) (84) (84) (9L
6. Clay NR 5 x 10+ 1.2 NR ¥R 2 x,z,o‘f
(80) (80) {91
7. Metellic NR NR 1.6 NR NR NE
Dusts (80)
8. Coagulation w/ NR NR 2.2 NR NR NR
Silver Ions (98)
9. Oxidation- NR NR NR NR 19° R
Réduction (91)
10. Coagulation 3.3 x 101 3.3 x 107 IR NR 3.8 NR
with Clay (99) (99) (99)
11. Lime Soda NR 7.1 NR VR L2 SR
with Clay (97) (97)
12. Foaming 4.5 6.7 NR 4.5 3.9 3.1
(Flotation) (109)  (1209) (109) (209) 1109,
4 13. Slow Sand NR NR 2 NR NE KE
Filtration (90)
Notes:
(1) Percent Removal = 100 - (51T)100

f2) RN - not reported in literature reviewed
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contamination of the Springfield, Mass. watershed (as reported elsewhere in
this report), Table XTI was prepared. It is apparent from this table that ion
exchange is the only single decontamination process thet will edequately remove
the minimum concentration reported for the aix selected isotopes and that no

process will adequately remove the meximum rediocontaminant, namely T-131,
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